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ABSTRACT 





Working memory is a type of memory that is active only for a short period of time 
(Fuster and Alexander, 1971; Goldman-Rakic, 1992). A common example of working 
memory is our ability to hold a phone number in our minds transiently, until it is dialed. 
Working memory is critical for many cognitive tasks, such as making decisions and 
guiding subsequent actions (Goldman-Rakic, 1992; Wickelgren, 2001). Deficits in 
working memory are associated with numerous pathological conditions, including 
schizophrenia, attention deficit hyperactivity disorder, aging, and stress (Birnbaum et al., 
2004; Goldman-Rakic, 1992; Goldman-Rakic and Selemon, 1997). Therefore, it is 
important to understand the neural basis of working memory. During performance of a 
working memory task, pyramidal neurons in prefrontal cortex (PFC) are able to maintain 
sustained firing during a delay period between an informative cue and the appropriate 
behavioral response (Goldman-Rakic, 1995). Thus, stimulus-specific persistent neural 
activity is thought to be a neural substrate for holding memories over short time delays 
(Major and Tank, 2004). Once persistent activity is triggered within a neuron or neural 
circuit, its activity can be maintained after the stimulus has terminated. Three general 
(non-mutually exclusive) mechanisms of persistent activity have been hypothesized: 
recurrent network activity (Compte et al., 2000; Wang, 2001), short-term synaptic 
plasticity (Mongillo et al., 2008) and intrinsic biophysical cellular properties. Several 
studies have demonstrated the role of intrinsic biophysical cellular properties in persistent 
activity (Egorov et al., 2002; Egorov et al., 2006; Fransen et al., 2006). This firing 
behavior is linked to cholinergic muscarinic receptor activation and phospholipase C 
(PLC) signaling in the absence of synaptic reverberations. Two fundamental questions 
are: (1) What mechanism underlies the generation of sustained firing at a single cell 
level? (2) What role does intrinsic persistent firing play in working memory? 
Pharmacological studies suggest that persistent activity relies on activity of Ca2+-
activated non-selective cation (CAN) current (ICAN) (Egorov et al., 2002; Egorov et al., 
2006). However, the molecules that constitute CAN channels in the brain are not well 
studied, and the importance of CAN channels to working memory is unknown.   
 
I seek to identify molecular mechanisms to convert subthreshold input into intrinsic 
persistent neural firing in PFC layer 5 pyramidal neurons. I hypothesize that CAN 
channels are responsible for the intrinsic properties that mediate persistent neural activity 
in PFC layer 5 neurons. During muscarinic receptor activation, bursts of action potentials 
will lead to Ca2+ influx. CAN channels will be activated due to the increased intercellular 
Ca2+ and promote a slow afterdepolarization (sADP), a transition state between 
subthreshold input and suprathreshold sustained firing. If the sADP is strong enough, it 
will trigger subsequent spikes, causing further opening of voltage-dependent Ca2+ 
channels and Ca2+ influx, and thus further opening of CAN channels. Therefore, ICAN will 
be maintained by a positive feedback loop, generating persistent activity. I have 
combined electrophysiology, pharmacology, genetics and behavioral analyses to address 
the potential roles of CAN channels and persistent activity in working memory. 
 
First, I confirmed that in the presence of the muscarinic agonist carbachol a brief 
burst of action potentials triggers a prominent sADP and persistent activity in these 
neurons. Second, I confirmed that this sADP and persistent firing require activation of a 
PLC signaling cascade and intracellular calcium signaling. Third, I obtained direct 
evidence that the transient receptor potential melastatin 5 channel (TRPM5), which is 
thought to function as a CAN channel in non-neural cells, makes an important 
contribution to sADP and persistent activity in the layer 5 neurons. Importantly, Trpm5–/– 
mice show deficits in a Delayed-Non-Match-to-Sample maze (DNMTS) task, a working 
memory task in the mouse model. Furthermore, PFC-specific expression of TRPM5 
using a virally-mediated delivery system in Trpm5–/– mice produced a partial rescue of 
deficits in the working memory tasks, indicating the importance of TRPM5 in mPFC for 
performance of these tasks. Lastly, I found that PFC-specific expression of TRPM5 
partially rescued the electrophysiological defects in Trpm5–/– mice. By identifying an ion 
channel contributing to working memory, this work opens the possibility of discovering 
new drugs for treating working memory deficit. 
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1.1 Working memory, prefrontal cortex and persistent activity 
 
A fundamental function of the brain is to execute cognitive functions. Working 
memory, an ability to hold an item of information transiently in mind, is extremely 
important for many cognitive functions, such as comprehension, planning, thinking and 
spatial processing (Fuster and Alexander, 1971; Goldman-Rakic, 1995a). A common 
example of working memory is our ability to hold a phone number in our minds 
transiently, until it is dialed. Deficits in working memory are usually associated with 
numerous conditions, including schizophrenia, attention deficit hyperactivity disorder, 
aging, and stress	  (Goldman-Rakic, 1992; Goldman-Rakic and Selemon, 1997). Because 
of its central role in cognitive function, working memory has attracted intense research 
over several decades. 
 
The prefrontal cortex (PFC) is a highly evolved brain region closely linked to 
attention and working memory in primates and rodents	  (Goldman-Rakic, 1996). Early 
lesion studies identified profound short-term memory deficits after selective ablation of 
the PFC	  (Butters and Pandya, 1969). The advent of imaging techniques, PET and fMRI, 
verified that the PFC is activated during working memory tasks	  (McCarthy et al., 1994). 
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The importance of the PFC is further manifested in the severe dysfunction in PFC activity 
and working memory capacity seen in schizophrenia patients	  (Weinberger and Berman, 
1996).   
 
Classic tests for working memory are the delayed matching (or non-matching) to 
sample, delayed-alternation, and delayed-response tasks. All these tasks have three basic 
parts: (1) acquisition of a piece of information; (2) a short delay period during which the 
subject needs to retain the acquired information while no salient information is present; 
(3) a cue indicating that the subject should respond based on the previously acquired 
information. As opposed to long-term memory, which is generally thought to result from 
long-lasting changes in synaptic strength	  (Bliss and Collingridge, 1993; Kandel, 2009; 
Miller and Mayford, 1999; Milner et al., 1998; Rumpel et al., 2005; Whitlock et al., 
2006), the physiological mechanisms underlying working memory are less well 
understood.  
 
Several experiments using in vivo recordings in monkeys first demonstrated that 
cortical neurons, particularly in the prefrontal cortex, exhibit transient episodes of 
elevated spiking activity during working memory tasks (Funahashi et al., 1989; Fuster 
and Alexander, 1971; Kubota and Niki, 1971; Miller et al., 1996; Quintana et al., 1988), a 
phenomenon that has since also been observed in rodent (Baeg et al., 2003; Chang et al., 
2002; Jung et al., 1998; Sakurai and Sugimoto, 1985). Figure 1.1 A shows a delayed 
match-to-sample experiment, in which the behavioral response depends on the memory 
of one of the two color stimuli, red or green (Fuster and Jervey, 1981). An inferotemporal 
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neuron displays an elevated activity through the entire delay period, which is only 
selective to the color red. Such tasks engage a working memory circuit in which the 
stored information is a categorical feature of the stimulus or an object. Figure 1.1 B 
illustrates a delayed oculomotor experiment, in which a saccadic eye movement is guided 
by the memory of a spatial stimulus	  (Funahashi et al., 1989). In this case, the stored 
information is spatial location. Dorsolateral PFC neurons display persistent delay firing 
that is spatially selective. These results suggest that these cortical neurons are somehow 
involved in maintaining the “task-relevant information” for a short period of time. Given 
that the persistent activity during the “delay” period does not require stimuli to be 
sustained, it is thought to represent a neural mechanism critical for working memory 
maintenance. These similar sustained discharges have also been observed in subcortical 
brain areas, such as the basal ganglia	  (Schultz et al., 2003), thalamus (Komura et al., 
2001), superior colliculus	  (Kojima et al., 1996), brainstem	  (Moschovakis, 1997) and 
spinal cord	  (Prut and Fetz, 1999). The presence of persistent activity in such a diversity of 
brain areas and species suggests the possibility that it represents a very general and 
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Figure 1.1 (Legend on next page) 
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Figure 1.1 Different types of working memory encoding.  
(A) Discrete working memory. In a delayed match (M)-to-sample (S) experiment, an 
inferotemporal neuron shows sustained activity for the color red of a visual cue, during a 
delay period of 16 s (Fuster and Jervey, 1981). (B) Spatial working memory. In a delayed 
saccade experiment a prefrontal neuron shows persistent activity that is tuned to a 
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1.2 Persistent activity and its mechanisms 
 
Three possible mechanisms may contribute to working memory-related persistent 
firing. The first involves reverberatory activity in a network. The second mechanism is 
related to short-term synaptic plasticity. The last mechanism of persistent activity firing 
involves alterations in the intrinsic excitability of individual neurons that do not require 
ongoing fast synaptic transmission.  
 
1.2.1 Reverberatory neural network 
 
In the model of recurrent networks, persistent activity can arise from a closed 
thalamo-cortical loop and/ or a cortico-striato-thalamic-cortical circuit. It is also possible 
that it emerges from reciprocal loops between cortical areas, including areas between the 
PFC and the posterior parietal cortex, or between the PFC and the inferotemporal cortex. 
Furthermore, persistent activity can be maintained by the excitatory and inhibitory inputs 




Persistent activity observed within a given cortical area might arise from a 
network of different areas, including a closed thalamo-cortical loop and/ or a cortico-
striato-thalamic-cortical circuit (Figure 1.2 A)	  (Wang, 2001). In the latter case, it has 
been shown that during the delayed period of a memory task, thalamic	  (Fuster and 
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Alexander, 1973) and caudate neurons	  (Hikosaka et al., 1989) show an elevated sustained 
firing while the output neurons from basal ganglia show a sustained inhibition	  (Hikosaka 
and Wurtz, 1983). The cortical excitation of the caudate nucleus leads to an inhibition of 
the output from the cells of the basal ganglia and further disinhibit of thalamic neurons. 
Therefore, thalamic neurons send increased excitation back to the cortex. It is unknown 
whether the subcortical activities are merely a reflection of persistent cortical inputs. 
Disruption of the closed thalamocortical loop might be a good approach to dissect the 
question.   
 
Reciprocal loop between cortical areas 
 
Persistent activity is present in the PFC, the posterior parietal cortex and the 
inferior temporal cortex	  (Chafee and Goldman-Rakic, 1998). Therefore, it is likely that 
persistent activity can be initiated and sustained by reciprocal loops between these 
cortical areas (Figure 1.2 B)	  (Wang, 2001). However, there is no convincing evidence 
that such a loop is essential for the generation of persistent activity.  
 
Recurrent local cortical network 
 
Goldman-Rakic proposed a columnarly organized cortical network model for the 
PFC. In this scenario, persistent activity can merge from reverberatory excitation, and 
stimulus selectivity is formed by recurrent inhibition (Figure 1.2 C)	  (Goldman-Rakic, 
1995b; Wang, 2001). The proposal is consistent with anatomical and electrophysiological 
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data that show extensive horizontal excitatory connections in the PFC, especially within 








Figure 1.2 Different types of working memory encoding.  
(A) Different types of excitatory reverberation in the cortex. (A) A closed thalamo–
cortical loop and/or cortico–striato–thalamic–cortical circuit. Abbreviations: GPi, internal 
segment of the globus pallidus; SNr, substantia nigra pars reticulata. (B) Reciprocal 
interactions between two cortical areas, prefrontal and posterior cortices. (C) Excitatory 
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1.2.2 Short-term synaptic plasticity 
 
When a particular synapse is repeatedly stimulated, the amount of 
neurotransmitter released in response to a given presynaptic action potential can increase 
in some synapses and decrease in other	  (Zucker and Regehr, 2002). Mongillo et al 
proposed that working memory could be maintained by short-term synaptic facilitation	  
(Mongillo et al., 2008). Accumulation of residual calcium in the presynaptic terminals 
could carry the information about the recalled memory in a working form, reducing the 
need for metabolically costly action potentials. The memories are transformed into the 
sustained persistent firing, either as a result of global reactivating input to the network or 
by virtue of the intrinsic network dynamics. However, not all encountered stimuli can 
resume working memory. The decision to allow items into working memory is mediated 
by attention, which they proposed is represented by the global excitatory input, either in 
tonic or oscillating mode. 
 
1.2.3 Cellular intrinsic biophysical properties 
 
A few studies have directly examined the contribution of intrinsic properties to 
persistent activity in the entorhinal cortex (EC)	  (Egorov et al., 2002; Reboreda et al., 
2007; Tahvildari et al., 2008; Zhang et al., 2011), lateral amygdala (LA)	  (Egorov et al., 
2006), anterior cingulate cortex	  (Zhang and Seguela, 2010) and the PFC	  (Dembrow et al., 
2010; Sidiropoulou et al., 2009). Egorov’s group provided the first study to investigate 
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intrinsic cellular properties of persistent activity by using an in vitro slice recording 
system	  (Egorov et al., 2002). In this study, in the presence of the muscarinic 
acetylcholine receptor agonist carbachol (CCh) a brief depolarizing stimulus was able to 
lead to the firing of a neuron for several minutes, far outlasting the original stimulus. 
Surprisingly, this sustained firing could be initiated and maintained during blockade of 
both GABA- and glutamate-mediated fast synaptic transmission and was therefore 
independent of synaptic input.  
 
Persistent firing is thought to depend on the action of muscarinic agonists to 
promote the appearance of an excitatory slow afterdepolarization (sADP) following a 
brief burst of action potentials, in contrast to the brief afterhyperpolarization (AHP) that 
normally follows a burst of spikes in the absence of cholingergic stimulation	  (Haj-
Dahmane and Andrade, 1998). When suprathreshold, the sADP can trigger the persistent 
non-accommodating firing of the neurons. In addition to the importance of muscarinic 
receptor stimulation for sADPs in many cells (Constanti et al., 1993; Egorov et al., 2006; 
Fraser and MacVicar, 1996; Haj-Dahmane and Andrade, 1998; Hofmann and Frazier, 
2010; Krnjevic et al., 1971; McQuiston and Madison, 1999; Pressler et al., 2007), sADPs 
in some neurons have been reported following stimulation of 5-HT2 receptors(Araneda 
and Andrade, 1991; Zhang and Arsenault, 2005), α1 adrenergic  receptors (Araneda and 
Andrade, 1991), D1 dopamine receptors (Sidiropoulou et al., 2009; Yamamoto et al., 
2007), or metabotropic glutamate receptors (Greene et al., 1992; Greene et al., 1994). 
Some of the neuromodulators can also produce subsequent persistent activity in the PFC	  
(Sidiropoulou et al., 2009) and EC	  (Yoshida et al., 2008). In the medial PFC, where 
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dopamine is an important modulator of attention and working memory	  (Phillips et al., 
2004; Watanabe et al., 1997), mGluR5-induced sADP can be modulated by dopamine D1 
receptor activation	  (Sidiropoulou et al., 2009).  
 
Pharmacological studies have revealed that a common requirement for persistent 
activity generation is the receptor-mediated activation of the phospholipase C (PLC) 
signaling pathway combined with Ca2+ influx into the cell through voltage-gated Ca2+ 
channels (Egorov et al., 2002; Egorov et al., 2006; Zhang et al., 2011; Zhang and 
Seguela, 2010). Such studies have led to the suggestion that persistent firing is generated 
by a calcium-activated nonselective cation (CAN) current (ICAN). In support of this view, 
both ICAN and persistent activity require PLC signaling and intracellular Ca2+, are 
enhanced by depolarization, and are blocked by flufenamic acid (FFA) (Egorov et al., 
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1.3 Molecular identities of Calcium-activated non-selective cation 
(CAN) channels  
 
1.3.1 TRPC channels 
 
While ICAN -driven persistent activity in intrinsic sustained firing might be 
widespread in the brain, the molecular identity of the CAN class of ion channels in the 
brain is not clear. Previous studies have suggested that the CAN current underlying the 
sADP and persistent firing is carried, at least in part, through the TRPC channel subclass 
of the transient receptor potential (TRP) channel family	  (Fowler et al., 2007; Rahman and 
Berger, 2011; Yan et al., 2009). Similar to ICAN and persistent activity, these nonselective 
cation channels are activated by PLC-dependent signaling cascades. Although TRPC 
channels are not directly activated by intracellular Ca2+, their opening is enhanced by 
intracellular Ca2+ (Montell, 2005). Unlike many CAN channels, which are selectively 
permeable to monovalent cations and do not conduct Ca2+ (Partridge et al., 1994; Yellen, 
1982). TRPC homomeric channels have a high permeability to Ca2+ (Okada et al., 1998; 
Philipp et al., 2000; Schaefer et al., 2000). However, when coexpressed with TRPC1 
subunits, the resulting heteromeric TRPC channels exhibit a reduced calcium 
permeability	  (Storch et al., 2012), more consistent with the properties of a CAN channel. 
Channels containing TRPC5	  (Fowler et al., 2007; Yan et al., 2009) are attractive 
candidates as TRPC5 channels are also activated by PLC-dependent G protein signaling 
cascades	  (Montell, 2005). Recent studies indicate that expression of dominant negative 
TRPC5 channels strongly suppresses the sADP in prefrontal cortex neurons	  (Yan et al., 
	   13	  
2009). Moreover, injection of a C-terminal TRPC5 peptide that contains a PDZ domain 
binding site, and thus acts as an inhibitor of TRPC5 activation, also decreases the 
generation of persistent activity	  (Zhang et al., 2011). 
 
1.3.2 TRPM4 and TRPM5 
 
A second class of TRP channels that are attractive candidates for ICAN are the 
TRPM4 and TRPM5 members of the melastatin subfamily of TRP channels. Similar to 
ICAN, both TRPM4 and TRPM5 are calcium-activated, monovalent cation-selective 
channels that require PLC signaling cascades for their activation	  (Hofmann et al., 2003; 
Launay et al., 2002; Liu and Liman, 2003; Nilius et al., 2003; Prawitt et al., 2003). In this 
section, I will describe the biophysical, regulatory properties and the physiological 
impact of TRPM4 and TRPM5. I have summarized main TRPM4 and TRPM5 properties 
on Table 1. Please see the following text for details and references.  
 
1.3.2.1 Molecular structure 
 
Several splice variant were identified for TRPM4, including TRPM4a and 
TRPM4b (Launay et al., 2002; Nilius et al., 2003; Xu et al., 2001). TRPM4a displays 
little activity and its significance is unknown. TRPM4b is generally accepted to be the 
commonly expressed and functional isoform of the channel and will be referred to 
hereafter simply as TRPM4. TRPM4 is a 1,213 amino-acid protein encoded by a gene 
located in chromosome 7 in mice. TRPM5 is a 1,158 amino acid protein encoded by a 
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gene also in chromosome 7 in mice	  (Enklaar et al., 2000; Launay et al., 2002; Murakami 
et al., 2003). TRPM4 and TRPM5 share ~40% identity in their amino acid sequences and 
show less sequence similarity with all other TRPs. Like all TRP channels, their 
hydropathy profile predicts 6 transmembrane-spanning segments (TM) and they are 
suspected to be associated as tetramers to form functional channels. Members of TRPM 
channels show a similar length in the N-terminus but highly variable lengths in the C-
terminus. TRPM6 and TRPM7 have the longest C-terminal chain with a kinase domain 
while TRPM4, TRPM5 and TRPM8 exhibit a very short C-terminus. All TRPM members 
include a coiled-coil domain that is suspected to allow protein assembly by linking 
subunits	  (Fujiwara and Minor, 2008). TRPM4 holds several putative phosphorylation 
sites for PKA and PKC as well as putative calmodulin binding sites within its N- and C-
terminus	  (Vennekens and Nilius, 2007). TRPM4 possesses two ATP-binding cassettes 
(ABC) protein - like motifs, which are known to interact with nucleotide binding domains 
(NBD) in ABC proteins. TRPM4 also holds 4 NBDs that belong to the Walker B form of 
domains. Therefore, the interaction between these sites is possible. In contrast to TRPM4, 
less data are available for TRPM5. TRPM5 does not have an ABC-transporter like motif 
and only has one Walker B site at the end of TM2	  (Ullrich et al., 2005). Finally, TRPM4 
and TRPM5 fold in the classical shape of 6 TM channels, with the TM5 and TM6 linker 
forming the pore loop within which the selectivity filter is located.    
 
1.3.2.2 Biophysical properties  
 
Ionic selectivity 
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When expressed in HEK-293 cells, TRPM4 and TRPM5 show a linear unitary 
current/ voltage relationship characterizing an 18-25 pS single channel conductance 
under symmetrical ionic conditions	  (Launay et al., 2002; Liu and Liman, 2003; Nilius et 
al., 2003; Prawitt et al., 2003). The relative ionic selectivity of TRPM4, as determined by 
substitution experiments employing HEK-293 cells expressing the recombinant human 
gene, is Na+ ~ K+ > Cs+ > Li+. Ionic selectivity is conveyed by negatively charged amino 
acid residues between E981 and V985 of the human TRPM4 subunit	  (Nilius et al., 
2005a). On the other hand, TRPM5 does not differentiate Na+, K+, and Cs+ and displays 
no permeability to Ca2+, Mg2+ and NMDG+	  (Liu and Liman, 2003; Prawitt et al., 2003).  
 
Calcium and voltage sensitivity 
 
In addition to their lack of Ca2+ permeability, TRPM4 and TRPM5 are unusual 
among the TRP superfamily in that they are Ca2+-activated and voltage-modulated. Both 
are activated by an increase of intracellular Ca2+ but there are discrepancies between 
studies regarding the concentration for the half maximal activation concentration 
([EC50]). A comparative study between two channels performed by Ullrich et al.	  (Ullrich 
et al., 2005) showed two interesting findings. First, TRPM4 is activated with a 5-10 
higher [Ca2+]i than TRPM5. Second, channels are around tenfold more sensitive to Ca2+ 
in the whole-cell out configuration than in the inside-out patch configuration. The 
decrease of Ca2+-sensitivity in the inside-out configuration might be explained by the loss 
of intracellular regulators in this configuration. A few experiments were performed to 
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explain the decrease: (1) Overexpression of a calmodulin mutant unable to bind Ca2+ 
dramatically reduced TRPM4 activation. In addition, deletion of any of the three 
calmodulin binding sites on TRPM4 strongly impaired current activation by reducing 
Ca2+ sensitivity	  (Nilius et al., 2005b). However, TRPM5 does not show calmodulin 
sensitivity	  (Hofmann et al., 2003). (2) Addition of cytoplasmic ATP helps to restore the 
Ca2+ sensitivity of TRPM4, whereas mutations to putative ATP binding sites resulted in 
faster and more complete desensitization	  (Nilius et al., 2005b). (3) Activation of the PKC 
pathway elevates Ca2+ sensitivity of TRPM4	  (Nilius et al., 2005b). (4) PIP2 partly 
prevents Ca2+ desensitization of both TRPM4 and TRPM5	  (Liu and Liman, 2003; Zhang 
et al., 2005). Taken together, these data show cytosolic regulatory components have huge 
influences on Ca2+- dependent regulation of TRPM4 and TRPM5, even though the 
molecular mechanisms of this sensitivity are not precisely known.  
 
Besides Ca2+, TRPM4 and TRPM5 are also regulated by membrane potential. The 
open probability of the channels increases with membrane depolarization. Channels are 
closed in negative voltages under resting membrane potential and opened in positive 
voltages. The voltage dependence results in an outward rectifying current despite the 
linear current-voltage relationship in a single channel analysis. Some modulators are able 
to shift the voltage-activating curve. For example, PIP2 and decavanadate shift the curve 
toward negative voltages, which results in an increase of TRPM4 current (Nilius et al., 
2004a; Zhang et al., 2005). Heat also activated both TRPM4 and TRPM5 by shifting the 
voltage-dependent activation curve (Talavera et al., 2005). 
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ATP sensitivity 
 
ATP exerts complicated regulatory actions on TRPM4 and TRPM5. Both currents 
were first shown to increase in response to extracellular ATP because of the activation of 
phospholipase C pathway through P2Y receptor stimulation (Hofmann et al., 2003; 
Launay et al., 2002). However, internal ATP was shown to inhibit TRPM4 current. 
Moreover, TRPM4 is sensitive to other adenine nucleotides, with the highest sensitivity 
to ADP (sensitivity sequence of TRPM4: ADP > ATP > AMP >> adenosine) (Nilius et 
al., 2004b; Ullrich et al., 2005). On the other hand, internal ATP prevents Ca2+-
desensitization of TRPM4, resulting in an increase of its current with prolonged Ca2+ 
exposure (Nilius et al., 2005b). Mutations of ATP binding domains on TRPM4 abolish 
the effect, suggesting the direct binding between ATP and TRPM4 is responsible for the 
activating effect	  (Nilius et al., 2005b). In contrast to TRPM4, TRPM5 does not show 
sensitivity to internal ATP,  provides a useful characteristic to differentiate currents of 
TRPM4 and TRPM5.  
 




Flufenamic acid, a non-steroidal anti-inflammatory drug, was shown to inhibit 
TRPM4 in the micromolar range and TRPM5 with a tenfold lower affinity	  (Ullrich et al., 
2005). However, flufenamic acid is a common chloride channel blocker with an effect on 
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Ca2+-activated	  (Greenwood and Large, 1995), swelling-activated	  (Jin et al., 2003), and 
proton-activated Cl- channels	  (Lambert and Oberwinkler, 2005). Flufenamic acid also 
affects several TRP channels, including TRPC3	  (Albert et al., 2006), TRPC5	  (Lee et al., 




Spermine inhibits both TRPM4 and TRPM5 by interacting with aspartate and 
glutamate residues flanking the pore region on both channels	  (Nilius et al., 2004b; Ullrich 
et al., 2005). However, this molecule also modulates other ion channels. For example, it 
potentiates kainate glutamate receptors	  (Mott et al., 2003) but blocks AMPA	  (Washburn 
and Dingledine, 1996) and NMDA receptors	  (Jin et al., 2008). It also blocks the inward 
rectifier K+ channel	  (Kurata et al., 2008). 
 
Quinine and quinidine 
 
The bitter compound, quinine, and its stereoisomer, quinidine, inhibit both 
TRPM4 and TRPM5 in the range of 100 µM. TRPM5 is tenfold more sensitive than 
TRPM4	  (Talavera et al., 2008). Both quinine and quinidine are also able to inhibit other 
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The hydroxytricyclic derivative 9-phenanthrol blocks TRPM4 currents with little 
effect on the closely related channel TRPM5 or the cystic fibrosis transmembrane 
conductance regulator chloride channel in heterologous expression systems(Grand et al., 
2008). At a concentration (30 µM) that almost completely blocks TRPM4 activity, 9-
phenanthrol does not alter TRPC3, TRPC6, voltage-gated K+ channels, large-
conductance Ca2+-activated K+ channels, inwardly rectifying K+ channels, or L-type Ca2+ 
channels	  (Gonzales et al., 2010). 9-phenanthrol has little effect on TRPM7 currents in 
mouse interstitial cells of Cajal or human gastric cancer cells (Kim et al., 2012; Kim et 
al., 2011). At higher concentrations (100 µM), 9-phenanthrol can block K+ and voltage-
dependent Ca2+ channels	  (Simard et al., 2012). These data suggest that 9-phenanthrol is a 
useful compound for studying the functional significance of TRPM4.  
 
Decavanadate and BTP2 
 
Decavanadate and N-{4-[3,5-Bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl}-4-
methyl-1,2,3-thiadiazole-5-carboxamide (BTP2) potentiate the activity of TRPM4	  
(Takezawa et al., 2006). However, these agents lack specificity.  Decavanadate has 
effects on inositol 1,4,5-triphosphate (IP3) receptors and purinoreceptors (P2X)	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Structure 6 transmembrane domains 
Unitary conductance 18-25 pS 
Voltage dependence Activated by depolarization 
Permeability 
Na+ ~ K+ > Cs+ > Li+ Na+ ~ K+ ~ Cs+ > Li+ 
Both of them are impermeable to Ca2+ and Mg2+ 
Physiological modulators 
• Activated by PKC, PIP2, 
heat 
• Inhibited by spermine, 
intracellular nucleotides 
(ADP > ATP > AMP >> 
adenosine) 
• Activated by PIP2 and heat 
• Inhibited by spermine  
Pharmacological modulators 
• Activated by decavanadate, 
BTP2 
• Inhibited by flufenamic 
acid, quinine, quinidine, 9-
phenanthrol, MPB-104 
• Inhibited by flufenamic 




1.3.2.4 Physiological function of TRPM4 and TRPM5 
 
TRPM4 is widely expressed in both electrically excitable (e.g., neuron, endocrine, 
or cardiac muscle) and non-excitable (e.g., immune cells and undifferentiated stem cells) 
cells. Although TRPM4 is not permeable to Ca2+, it has significant impacts on Ca2+ 
signals because it depolarizes membranes in a Ca2+ dependent manner. In excitable cells, 
depolarization by TRPM4 is necessary for the opening of voltage-dependent Ca2+ 
channels. In non-excitable cells, TRPM4-mediated depolarization decreases the driving 
force for Ca2+ entry through store-operated Ca2+ channels (SOCs). In the rat β-cell line, 
inhibition of TRPM4 decreases insulin secretion in response to glucose and vasopressin 
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stimulation	  (Cheng et al., 2007; Marigo et al., 2009).  In T lymphocytes, TRPM4 
mediates the depolarization that plays an essential role in shaping the pattern of 
intracellular oscillations leading to cytokine secretion (Launay et al., 2004; Vennekens et 
al., 2007). In addition to the effects in immune and islet cells, the control of Ca2+ signals 
by TRPM4 is critical for myogenic constriction of cerebral arteries, migration of 
dendritic cells, and cardiac function	  (Barbet et al., 2008; Earley et al., 2007; Guinamard 
et al., 2006).  
 
The functional significance of TRPM5 has been most extensively studied in taste 
receptor cells. TRPM5 is linked to the activation of G-protein-coupled taste receptor	  
(Liman, 2007; Liu and Liman, 2003; Zhang et al., 2003) and is assumed to generate the 
depolarization needed for the transduction of sweet, bitter and umami tastes (Damak et 
al., 2006; Talavera et al., 2005; Zhang et al., 2003), as well as other chemosensory stimuli 
(Kaske et al., 2007; Lin et al., 2007). Therefore, Trpm5–/– mice have minimal ability to 
detect bitter or sweet substances in physiologically relevant concentrations	  (Damak et al., 
2006; Zhang et al., 2003).                           
 
On the other hand, TRPM4 and TRPM5 mRNAs were detected in the pre-
Botzinger complex of brainstem, which is essential for generation of the respiratory 
rhythm (Crowder et al., 2007; Mironov, 2008; Mironov and Skorova, 2011). These 
channels may also contribute to the sADP in respiratory neurons of the pre-Botzinger 
complex. In addition, TRPM4, but not TRPM5, helps generate a depolarization-induced 
Ca2+-dependent slow cation current (DISC) in cerebellar Purkinje neurons (Kim et al., 
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2013). Beyond these data, the roles of TRPM4 and TRPM5 in the central nervous system 
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1.4 Thesis aims 
 
The aim of this thesis to identify molecular mechanisms to convert subthreshold 
input into intrinsic persistent neural firing in PFC layer 5 pyramidal neurons. I 
hypothesize that CAN channels are responsible for the intrinsic properties that mediate 
persistent neural activity in PFC layer 5 neurons. During muscarinic receptor activation, 
bursts of action potentials will lead to Ca2+ influx. CAN channels will be activated due to 
the increased intracellular Ca2+ and promote a slow afterdepolarization (sADP), a 
transition state between subthreshold input and suprathreshold sustained firing. If the 
sADP is strong enough, it will trigger subsequent spikes, causing further opening of 
voltage-dependent Ca2+ channels and Ca2+ influx, and thus further opening of CAN 
channels. Therefore, ICAN will be maintained by a positive feedback loop, generating 
persistent activity. Based on pharmacological and genetic approaches, TRPM4 and 
TRPM5 are two molecular candidates of CAN channels (Prawitt et al., 2003), and thus 
may contribute to the sADP and persistent activity in response to muscarinic receptor 
activation. In Chapter 2, I first provide evidence for the existence of muscarinic-
dependent persistent activity in the mouse PFC. The pharmacological characterization 
suggests that the CCh-induced sADP and persistent activity require intracellular Ca2+ and 
a non-specific cationic current, most likely ICAN. By using genetic approaches, I further 
provide direct evidence that TRPM5, but not TRPM4, channels make an important 
contribution towards the generation of the sADP and persistent activity in layer 5 
pyramidal neurons in mouse mPFC. In Chapter 3, I explore the cognitive functions in 
Trpm5–/– mice by using different behavioral tasks. I find that mice without TRPM5 
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display deficits in working memory tasks. I also show virally-mediated TRPM5 
expression in the mPFC is able to partially rescue the performance in working memory 
tasks, suggesting mPFC TRPM5 is responsible for the phenotype from the working 
memory task. My studies thus provid evidence that working memory may depend on the 
induction of intrinsic persistent firing. In Chapter 4, I attempt to synthesize my results 
with other studies of persistent activity, as well as to consider further experimental 
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Chapter 2 
The role of TRPM5 in the CCh-induced sADP and 




Cholinergic receptor activation is important for various memory processes 
(Anagnostaras et al., 2003; Granon et al., 1995; Hasselmo, 1999; Spencer et al., 1985) 
and has profound effects on the excitability and intrinsic firing patterns of neurons	  
(Krnjevic, 1993). One of the most intriguing examples of cholinergic regulation involves 
the generation of intrinsic persistent firing	  (Egorov et al., 2002; Fransen et al., 2006; 
Tahvildari et al., 2008). In the presence of muscarinic acetylcholine receptor agonists a 
brief depolarizing stimulus can lead to the firing of a neuron for several minutes, far 
outlasting the original stimulus	  (Egorov et al., 2002; Rahman and Berger, 2011; 
Sidiropoulou et al., 2009). Persistent firing is thought to depend on the action of 
muscarinic agonists to promote the appearance of an excitatory slow afterdepolarization 
(sADP) following a brief burst of action potentials, in contrast to the brief 
afterhyperpolarization (AHP) that normally follows a burst of spikes in the absence of 
cholingergic stimulation	  (Haj-Dahmane and Andrade, 1998). When suprathreshold, the 
sADP can result in persistent non-accommodating firing of the neurons. 
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Previous studies have characterized ICAN, a calcium-activated non-selective cation 
current, which is thought to underlie persistent activity {Egorov, 2002 #42;Egorov, 2006 
#46;Yoshida, 2008 #62;Zhang, 2010 #47;Zhang, 2011 #43. ICAN depends on muscarinic 
receptor stimulation and exhibits a dependence on neuronal activity, membrane 
depolarization and Ca2+-influx similar to that observed for the sADP and persistent 
activity. Despite the widespread occurrence of sADPs and persistent activity in neurons 
throughout the brain, the molecular identity of the ion channels underlying these events, 
as well as ICAN, remains uncertain. 
 
Here I used a combination of genetic, pharmacological and electrophysiological 
approaches to characterize the molecular mechanisms underlying the muscarinic 
receptor-dependent sADP and persistent firing in layer 5 neurons of mouse prefrontal 
cortex. First, I confirm that in the presence of the muscarinic agonist carbachol a brief 
burst of action potentials triggers a prominent sADP and persistent firing in these 
neurons. Second, I confirm that both sADP and persistent activity require activation of a 
PLC signaling cascade and intracellular calcium signaling. Third, I obtain direct evidence 
that TRPM5, which is thought to function as a CAN channel in non-neural cells, 
contributes importantly to the sADP and persistent activity in mPFC layer 5 neurons. In 
contrast, the closely related TRPM4 channel may play only a minor role in the sADP and 
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Results 
 
2.1 Carbachol induced sADP and persistent activity in layer 5 of the 
mouse mPFC. 
 
We first examined the conditions in which the sADP and persistent activity could 
be reliably induced in whole cell current clamp recordings from layer 5 pyramidal 
neurons from mouse PFC in acute coronal slices, as most previous studies have been 
performed in rats. Pyramidal neurons were identified based on their morphology and 
firing properties observed under current-clamp mode	  {Yang, 1996 #119}. Muscarinic 
acetylcholine receptors were activated with 10 µM CCh and ionotropic glutamate and 
GABA receptors were blocked with 10 µM NBQX, 50 µM AP5 and 50 µM PTX to 
inhibit fast synaptic transmission. A train of action potentials was elicited in layer 5 
pyramidal neurons by the application of 100–500 ms depolarizing current pulses. In the 
absence of CCh the spike train was followed by a fast AHP (Figure 2-1 A).  
 
After bath application of CCh, we observed a prominent sADP following the 
evoked spikes (Figure 2-1 B). We quantified the input-output relationship by plotting 
sADP amplitude and area as a function of spike number elicited by progressively greater 
amounts of charge injection. Increasing amounts of depolarizing charge elicited a 
correspondingly greater number of spikes during the depolarizing stimulus, followed by 
sADPs of increasing amplitude and area (Figure 2-1 C and 2-1 D). These results are in 
agreement with previous findings from rats	  (Haj-Dahmane and Andrade, 1998). Once a 
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strong enough current step is given (Figure 2-1 E), PFC layer 5 pyramidal neurons 
responded with a stable state of sustained spiking for at least 10 min (Figure 2-1 E, 76% 
of cells tested, N > 20). This indicates that the CCh-induced sADP is capable of 
converting subthreshold input to prolonged action potential output lasting for several 
minutes. Similar to EC layer V and LA neurons	  (Egorov et al., 2002; Egorov et al., 2006) 
the sustained firing in PFC layer V pyramidal neurons displays activity- and voltage-





























Figure 2.1 (Legend on next page) 
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Figure 2.1 Muscarinic-dependent sADP and persistent activity in PFC layer 5 
pyramidal neurons.  
(A) In the absence of carbachol (CCh). Representative traces showing that an 
afterhyperpolarization follows a burst of action potentials induced by a 200 pA 
depolarizing current step. Inset shows action potential firing during the current step. Scale 
bars, 1 mV and 1 s. Scale bars in insets, 10 mV and 100 ms. Initial resting potential was -
66 mV. (B) In the presence of 10 µM CCh. Representative traces show that an sADP 
follows a burst of action potentials in response to 200 pA depolarizing current steps of 
increasing duration (bottom trace: 100 ms; middle trace: 200 ms; upper trace: 500 ms). 
Insets show action potential firing during the depolarization. Scale bars, 1 mV and 5 s. 
Scale bars in insets, 10 mV and 50 ms. Initial Vm is -65 mV. (C) and (D) Input-output 
relations plotting sADP amplitude and area as a function of the number of action 
potentials elicited by increasing amounts of depolarizing charge injection in the presence 
of CCh. (E) A brief depolarizing current pulse (400 pA, 500 ms, bottom trace) elicits 
maintained firing (top trace). Star (*) indicates muscarinic receptor agonist CCh-sADP. 
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2.2 Calcium influx triggered CCh-induced sADP and persistent activity 
in layer 5 neurons.   
 
Ca2+ influx has been reported to be necessary for generation of both sADP and 
persistent activity induced by spike firing in the presence of muscarinic acetylcholine 
receptor, metabotropic glutamate receptors or other neuromodulators in layer 5 neocortex 
neurons (Greene et al., 1994; Haj-Dahmane and Andrade, 1998; Yan et al., 2009), layer 
2–3 olfactory cortex neurons	  (Constanti et al., 1993), hippocampal CA1 pyramidal 
neurons	  (Fraser and MacVicar, 1996) or lateral amygdala neurons	  (Yamamoto et al., 
2007). To determine whether intracellular Ca2+ is necessary for the sADPs and persistent 
activity in our experiments, we included the Ca2+ chelator, 1,2-bis(o-aminophenoxy) 
ethane-N, N, N’, N’-tetraacetic acid (BAPTA; 10-20 mM), in the internal solution of the 
patch pipette. BAPTA produced a substantial reduction in both the peak amplitude and 
area of the sADP (Figure 2.2 A-D) as previously reported	  (Egorov et al., 2006; Haj-
Dahmane and Andrade, 1998; Hofmann and Frazier, 2010; Yan et al., 2009). The 
amplitude of the sADP following a suprathreshold stimulus of 100 pC was reduced from 
5.10 ± 0.52 mV in control conditions (n = 14) to 3.00 ± 0.40 mV (n = 6, P = 0.02) with 
10 mM BAPTA in the patch pipette. The sADP was further reduced to only 0.68 ± 0.13 
mV (n = 6, P < 0.0001) with 20 mM BAPTA (Figure 2.2 A and B). The sADP integral 
was also sensitive to the chelators, being reduced from 24.62 ± 2.10 mV·s in control 
conditions (n = 14) to 7.43 ± 1.68 mV·s with 10 mM BAPTA (n = 6, P < 0.0001) and 
0.49 ± 0.22 mV·s  (n = 5, P < 0.0001) with 20 mM BAPTA (Figure 2.2 A and C). In 
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addition, 10 mM BAPTA partially curtailed the persistent activity induction, while 20 
mM BAPTA completely blocked persistent activity induction (Figure 2.2 D). 
 
As spiking is expected to trigger Ca2+ influx through voltage-gated Ca2+-channels, 
we tested the effect of CdCl2 (100 µM), a general Ca2+-channel blocker, on the sADP and 
persistent activity. As shown in Figure 2.3 A, action potential bursts in the presence of 
Cd2+ produced a smaller sADP compared to that seen following a burst with a similar 
number of spikes under control conditions. Thus, the sADP was reduced from 5.43 ± 0.43 
mV in control conditions (n = 13) to 2.60 ± 0.29 mV in the presence of Cd2+ (n = 6, P < 
0.001) (Figure 2.3 A and B). Similarly the sADP integral in control conditions, 24.62 ± 
2.09 mV·s (n = 14), was significantly larger than the integral in the presence of CdCl2, 
11.70 ± 1.86  mV·s (n = 6, P = 0.001) (Figure 2.3 A and C). CdCl2 completely abolished 
the induction persistent activity (Figure 2.3 D). Thus the sADP and persistent activity in 
the mouse PFC requires Ca2+ influx through voltage-gated Ca2+-channels, consistent with 
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Figure 2.2 (Legend on next page) 
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Figure 2.2 CCh-induced sADP and persistent activity requires intracellular calcium. 
(A) Applying BAPTA in the patch pipette solution decreased the sADP in presence of 10 
µM CCh. Inset: Superimposed traces showing the sADP following action potentials 
induced by a depolarizing current step (bottom trace) in CCh under control conditions 
(black trace) or with 10 mM (dark gray trace) or 20 mM (red trace) BAPTA in the patch 
pipette solution. Scale bars, 1 mV and 10 s. Initial Vm is -66 mV. Number of action 
potentials during the depolarizing step (200 pA for 500 ms) was not significantly 
different among groups (n = 7-16, P = 0.31 and 1 respectively). (B) and (C) BAPTA 
significantly reduced peak amplitude (n = 6-14, *P < 0.05, ***P < 0.0001) and area (n = 
6-14, ***P < 0.0001) of sADP triggered by a 200 pA depolarizing current step for 500 
ms. (D) BAPTA-containing intracellular solution decreases the percentage of neurons 
that showed persistent activity (PA). Spontaneous firing indicates the neuron have 
spontaneous firing without any depolarization steps in the presence of CCh. (control, n = 
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Figure 2.3 (Legend on next page) 
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Figure 2.3 sADP and persistent activity require activty-dependent Ca2+ influx. 
(A) Bath application of Cd2+ reduced the sADP. Inset: sADPs induced by a depolarizing 
current step (in CCh) under control conditions (black trace) or in the presence of Cd2+ 
(100 µM; red trace). Number of spikes during the depolarization was not affected by Cd2+ 
(n = 6-16, P = 0.77). (B) and (C) Cd2+ decreased sADP amplitude (n = 6-13,  ***P < 
0.001) and area (n = 6-13,  **P < 0.01). (D) Bath-applied CdCl2 blocked persistent 
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2.3 Non-selective cationic currents and PLC cascades contribute to 
sADP and persistent activity. 
 
Previous studies have shown that in pyramidal neurons of the rat prefrontal cortex 
the muscarinic receptor-dependent sADP and persistent activity is mediated by ICAN (Haj-
Dahmane and Andrade, 1998; Yan et al., 2009). We therefore tested the effects of the 
ICAN blocking agent flufenamic acid (FFA, 100 µM) on the ability of layer 5 PFC 
pyramidal neurons to generate an sADP and persistent firing. Blockade of ICAN by FFA 
produced a significant 40% decrease in the CCh-induced sADP amplitude, from 5.43 ± 
0.43 mV (n = 13) to 3.12 ± 0.67 mV (n = 6, P = 0.008), and a 50% decrease in sADP 
area, from 24.62 ± 2.09  mV·s (n = 14) to 12.92 ± 3.30  mV·s (n = 6, P = 0.007) (Figure 
2.4 A-C). FFA also inhibited the generation of persistent activity (Figure 2.4 D). This 
result is consistent with previous findings and suggests that ICAN may be important for the 
sADP and persistent activity driven by cholinergic muscarinic receptor activation. 
 
To examine whether the effect of muscarinic activation on the sADP and 
persistent activity in mouse PFC were mediated by the PLC pathway, we tested the action 
of the PLC blocker U73122. In the presence of U73122, both the CCh-induced sADP 
amplitude and area decreased significantly, from 5.34 ± 0.39 mV (n = 6) to 3.03 ± 0.40 
mV (n = 6, P = 0.009) and from 23.42 ± 3.12 mV·s (n = 6) to 11.83 ± 1.18  mV·s (n = 6, 
P = 0.006), respectively (Figure 2.5 A-C). In addition, U73122 prevented the induction of 
persistent activity. These results indicate that the PLC cascade is indeed important in 
mouse as in rat mPFC (Yan et al., 2009). 
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Figure 2.4 (Legend on next page) 
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Figure 2.4 sADP and persistent activity are sensitive to a blocker of non-specific 
cationic currents 
(A) The CAN current blocking agent flufenamic acid (FFA) decreased the sADP induced 
by a depolarizing current step (in 10 µM CCh). Inset: sADP under control conditions 
(black trace) and in presence of FFA (10 µM; red trace). Scale bars, 1 mV and 5 s. Initial 
Vm was -66 mV. Number of spikes during the depolarization (200 pA for 500 ms) was 
not affected by FFA (n = 7-10, P = 0.42). (B) and (C) FFA decreased the sADP 
amplitude (n = 6-8, *P < 0.05) and area (n = 6-9,  *P < 0.05). (D) Bath-applied FFA 
blocked persistent activity induction completely (control, n = 20; 100 µM FFA, n = 7). 
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Figure 2.5 (Legend on next page) 
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Figure 2.5 sADP and persistent activity require the PLC pathway. 
(A) The PLC blocker U73122 decreased the CCh-induced sADP. Inset: Superimposed 
traces showing sADP induced by a depolarizing current step (bottom trace) in CCh under 
control conditions (black trace) or with 5 µM U73122 in bath (red trace). Scale bars, 1 
mV and 5 s. Initial Vm is -65 mV. Number of spikes during the depolarization (200 pA 
for 500 ms) was not affected by U73122  (n = 6, P = 0.91). (B) and (C) The PLC blocker 
U73122 decreased the sADP amplitude (n = 6, **P < 0.01) and area (n = 6, **P < 0.01).  
(D) Bath-applied PLC blocker U73122 blocked persistent activity induction completely 
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2.4 The expression of TRPM4 and TRPM5 in mouse mPFC. 
 
As mentioned in the Introduction, several lines of evidence indicate that TRPM4 
and TRPM5 are potential molecular candidates for the generation of ICAN and the sADP. 
To examine the relevance of these channels in our experiments, we first characterized the 
expression of these channels in mPFC. According to the in situ hybridization data from 
the Allen Institute of Brain Science (http://www.brain-map.org/), TRPM4 and TRPM5 
show moderate expression in mouse mPFC. To examine the expression of TRPM4 and 
TRPM5 protein, we used antibodies directed against TRPM4	  (Gerzanich et al., 2009) and 
TRPM5 (Zhang et al., 2003) in layer 5 cells of prelimbic cortex (Figure 2.6). To identify 
neurons, we co-stained with the neuronal marker, Neuronal Nuclei (NeuN). TRPM4/ 
NeuN double-labeled (Figure 2.6 A1-A3) and TRPM5/ NeuN double-labeled (Figure 2.6 
C1-C3) neurons were observed in deep layer of mPFC. The staining signal with 
antibodies against TRPM4 and TRPM5 was predominantly cytosolic. Moreover the 
staining represented a specific labeling of the corresponding TRPM channels as the 
fluorescence signal was absent when we used the TRPM4 and TRPM5 antibodies to label 
brain slices from mice in which, respectively, TRPM4 and TRPM5 were deleted through 
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Figure 2.6 (Legend on next page) 
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Figure 2.6 TRPM4 and TRPM5 expression in coronal slices of adult medial PFC 
(mPFC).  
Immunofluorescence using antibodies directed against TRPM4, TRPM5 and Neuronal 
Nuclei (NeuN) performed in coronal slices of mPFC. The NeuN antibody specifically 
recognizes the DNA-binding, neuron-specific protein NeuN in most CNS and PNS 
neurons. TRPM4 (magenta) and NeuN (green) double/labeled cells were observed in 
medial prefrontal cortex (A1-A3), whereas no TRPM4 immunostaining was observed in 
sections from Trpm4–/– mice (B1-B3). Trpm5+/– heterozygous mice showed TRPM5 
immunoreactivity (C1-C3), whereas no TRPM5 immunostaining was observed in 
sections from Trpm5–/– mice (D1-D3).  Staining with TRPM4 and TRPM5 antibody 
produced predominantly cytosolic labeling and staining of NeuN is primarily localized in 
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2.5 Role of TRPM4 in generating CCh-induced sADP and persistent 
activity. 
 
To determine whether TRPM4 contributes to the burst-triggered sADP generated 
in the presence of CCh, we used both pharmacological and genetic approaches. We first 
examined the effect of bath application of two pharmacological agents reported to inhibit 
TRPM4 but not TRPM5 channels	  (Grand et al., 2008): glibenclamide and 9-phenanthrol. 
Glibenclamide (100 µM) had no significant effect on sADP amplitude (6.18 ± 0.28 mV 
in control conditions [n = 14] versus 5.36 ± 0.24 mV in glibenclamide [n = 6, P = 0.09]) 
or area (25.75 ± 1.62 mV in control conditions [n = 17] versus 21.29 ± 2.24 mV with 
glibenclamide [n = 9, P = 0.16]). In the presence of glibenclamide, there was a small 
13.3% reduction in the percent at neurons that were able to generate persistent activity 
compared to control conditions. In contrast 9-phenanthrol (100 µM) did decrease both 
sADP amplitude (6.18 ± 0.28 mV in control [n = 14] versus 4.86 ± 0.32 mV with 9-
phenanthrol [n = 9, P < 0.0001]) and sADP area (25.75 ± 1.62 mV in control conditions 
[n = 17] versus 15.43 ± 1.58 mV with 9-phenanthrol [n = 9, P < 0.0001]) (Figure 2.7 A-
C). In control experiments, 80% of cells were able to generate persistent activity. 
However, only 15.4% of cells showed persistent activity induction in the presence of 9-
phenanthrol (Figure 2.7 D). 
 
Because the results with the two pharmacological agents were equivocal, we next 
examined the importance of TRPM4 in generating the sADP using homozygous 
knockout mice (Trpm4–/–)	  (Vennekens et al., 2007). In contract to the results with 9-
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phenanthrol, deletion of TRPM4 had no statistically significant effect on either sADP 
amplitude or area (Figure 2.7 A-C). Thus, the sADP amplitude and area in the Trpm4–/– 
mice were 5.16 ± 0.87 mV and 25.42 ± 1.87 mV·s (n = 10), respectively, compared to 
6.64 ± 1.11 mV and 26.69 ± 3.87 mV·s (n = 6) in control littermates (P = 0.31 for sADP 
amplitude; P = 0.74 for sADP area). Deletion of TRPM4 also caused no change in 
persistent firing. The percentage of neurons in which persistent activity was induced was 
78.57% in control versus 77.27% in neurons from the Trpm4–/– mice (Figure 2.7 D). 
 
How can we reconcile the reduction in the sADP with 9-phenanthrol compared to 
the lack of effect on the sADP of glibenclamide or TRPM4 deletion? One likely 
explanation is that the effects of 9-phenanthrol represent an action on some target other 
than TRPM4	  (Wang et al., 1994). To explore this possibility we tested the actions of 9-
phenanthrol on the sADP recorded from neurons in slices from the KO mice. Indeed, the 
compound produced a large reduction in both sADP amplitude (from 6.64 ± 1.11 mV to 
1.92 ± 0.31 mV [n = 6, P = 0.0022]) and sADP area (from 26.69 ± 3.87 mV·s to 15.40 ± 
1.96 mV·s; n = 6, P = 0.03)  (Figure 2.7 A-C). The presence of 9-phenanthrol also 
blocked persistent generation completely in the Trpm4–/– mice (Figure 2.7 D). Moreover, 
these actions were identical to the effect of 9-phenanthrol on the sADP recorded in 
neurons from slices from wild-type mice. We also compared other intrinsic cellular 
properties between wild-type and knockout littermates, we found no difference in resting 
membrane potential, membrane input resistance, or cellular excitability, as judged by the  
number of spikes during a depolarization (Figure 2.8 A-D). Thus we conclude that the 
effects 9-phenanthrol were not mediated through blockade of TRPM4 and that this 
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Figure 2.7 TRPM4 is a minor player in mediating the CCh-induced sADP and 
persistent activity. 
(A) TRPM4 deletion did not significantly alter the sADP. Inset: superimposed 
representative traces show sADP induced by a depolarizing current step (200 pA, 500 
ms) in CCh for wild-type littermate control mice (black trace), Trpm4–/– mice (red trace) 
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and Trpm4–/– mice in the presence of 9-phenanthrol (dark gray trace). Scale bars, 1 mV 
and 1 s. Initial Vm was -66 mV. There was no statistically significant difference in 
numbers of spikes in control versus in the presence of 9-phenanthrol (n = 10-22, P = 
0.71) and in wild-type mice, Trpm4–/– and Trpm4–/– with 9-phenanthrol (n = 6-11, P = 
0.39 and P = 1 respectively). Genetic deletion of TRPM4 does not significantly reduce 
sADP amplitude (B top graph; n = 6-10, P = 0.31) or sADP area (C, bottom graph; n = 6-
10, P = 0.74) between KO and control mice. However, blockade of TRPM4 with 9-
phenanthrol in both control animals and Trpm4–/– mice decreased significantly peak 
amplitude (in control versus with 9-phenanthrol, n = 9-17, ***P < 0.001; in WT versus 
KO with 9-phenanthrol, n = 6, **P < 0.01) and sADP area (in control versus with 9-
phenanthrol, n = 9-17, ***P < 0.001; in WT versus KO with 9-phenanthrol, n = 6, *P < 
0.05) by a depolarizing step current (200 pA for 500 ms). (D) 9-phenanthrol decreased 
percentage of neurons that show persistent activity in both control and Trpm4–/– mice. 
However, genetic deletion of TRPM4 does not block persistent activity generation in our 
system. (control, n =14; 100 µM 9-phenanthrol, n = 8; wild-type mice, n = 14; Trpm4–/– 
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Figure 2.8 Characterization of membrane intrinsic properties in control and  
Trpm4–/– mice. 
There is no difference in resting membrane potential  (A, -72.72 ± 0.84 mV in control [n 
= 14] versus -71.70 ± 0.74 mV in KO [n = 22, P = 0.38]), membrane input resistance  (B, 
60.18 ± 3.31 mΩ in control [n = 14] versus 61.17 ± 3.31 mΩ in KO [n = 22, P = 0.81]), 
the size of the depolarizing sag in response to a hyperpolarization current step, 
characteristic of the activation of Ih (C, 0.86 ± 0.00 in control [n = 14] versus 0.86 ± 0.00 
mV in KO [n = 22, P = 0.73]) and cellular excitability by looking at number of spikes 
during the depolarization (D, 400 pA for 1 s; 22.29 ± 1.61 in control [n = 14] versus 
26.95 ± 1.61 mV in KO [n = 21, P = 0.06]). Error bars represent SEM. 
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2.6 Role of TRPM5 in generating CCh-induced sADP and persistent 
activity. 
 
To determine the requirement for TRPM5 in the CCh-induced sADP, we 
compared the sADP amplitude and area in TRPM5 KO mice (Trmp5–/–) (Zhang et al., 
2003) versus littermate controls. Genetic deletion of TRPM5 resulted in a statistically 
significant 40% reduction in the sADP peak amplitude, from 5.67 ± 0.36 mV (n = 17) in 
control to 3.62 ± 0.33 mV in KO mice (n = 12, P < 0.001), and in sADP area, from 24.89 
± 1.68 mV·s (n = 17) in control to 15.73 ± 1.94 mV·s  (n = 12, P = 0.0014), in KO mice  
(Figure 2.9 A-C). The percentage of neurons exhibiting persistent activity is also greatly 
reduced from 73.9% (n = 23) in control to 30.43% (n = 23) in KO mice (Figure 2.9 D). 
We also compared other intrinsic cellular properties. We found no difference in resting 
membrane potential, membrane input resistance, and cellular excitability by looking at 
number of spikes during the depolarization (Figure 2.10). Thus, in contrast to TRPM4, 
we conclude that TRPM5 channels make a significant and selective contribution to 












Figure 2.9 (Legend on next page) 
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Figure 2.9 TRPM5 contributes to the CCh-induced sADP and persistent firing. 
(A) TRPM5 deletion reduced the sADP. Inset: sADP induced by depolarizing current 
(200 pA, 500 ms) in CCh in wild-type littermate control mice (black trace) and Trpm5–/–
KO mice (red trace). Scale bars, 1 mV and 1 s. Initial Vm was -65 mV. TRPM5 deletion 
had no effect on number of spikes during the depolarizing step (n = 13-18, P = 0.54) but 
significantly decreased sADP amplitude (B, top graph; n = 12-17, ***P < 0.001) and area 
(C, bottom graph; n = 12-17, **P < 0.01). (D) The percentage of neurons in which 
persistent activity generation is reduced by 43.9% in Trpm5-/- compared to wild-type 
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Figure 2.10 Characterization of membrane intrinsic properties in control and  
Trpm5–/– mice. 
There is no difference in resting membrane potential  (A, -69.37 ± 0.64 mV in control [n 
= 23] versus -70.57 ± 0.53 mV in KO [n = 23, P = 0.16]), membrane input resistance  (B, 
53.16 ± 3.82 mΩ in control [n = 23] versus 57.09 ± 3.46 mΩ in KO [n = 23, P = 0.45]), 
the size of the depolarizing sag in response to a hyperpolarization current step, 
characteristic of the activation of Ih (C, 0.85 ± 0.00 in control [n = 23] versus 0.85 ± 0.01 
mV in KO [n = 23, P = 0.77]) and cellular excitability by looking at number of spikes 
during the depolarization (D, 400 pA for 1 s; 23.87 ± 1.62 in control [n = 23] versus 
22.00 ± 1.50 mV in KO [n = 23, P = 0.40]). Error bars represent SEM. 
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2.7 Role of TRPM4 in the residual sADP and persistent activity in 
TRPM5 KO mice 
 
To examine whether TRPM4 might contribute to the residual sADP in the 
TRPM5 KO mice, we generated double-knockout mice (Trpm4–/–/Trpm5–/–), by crossing 
Trpm4–/–mice with Trpm5–/– mice (Vennekens et al., 2007). Deletion of both TRPM4 and 
TRPM5 produced similar phenotypes nearly identical to that seen in the TRPM5 KO 
mice in both sADP amplitude and persistent activity. The double KO (DKO) animals 
showed a 40% and 33% reduction in sADP peak amplitude and area (Figure 2.11 A-C), 
respectively, relative to wild-type controls. Thus, the sADP amplitude and area in 
Trpm4/5 -DKO mice were 3.57 ± 0.38 mV and 16.74 ± 2.36 mV·s (n = 10), compared to 
5.85 ± 0.70 mV and 25.18 ± 2.29 mV·s (n = 6) in control littermates (P < 0.01 for sADP 
amplitude; P < 0.02 for sADP area). We also found no difference in other intrinsic 
cellular properties (Figure 2.12). On the other hand, the percentage of neurons exhibiting 
persistent activity was reduced about 45%, from 80.0% (n = 5) in control to 35% (n = 15) 
in DKO mice (Figure 2.11 D). The degree of reduction of persistent activity generation of 
DKO animals is very similar to that seen in the TRPM5 KO mice. Therefore, our results 
provide direct evidence that TRPM5, but not TRPM4, channels make an important 
contribution towards the generation of the sADP and persistent activity in layer 5 
pyramidal neurons in mouse mPFC. Moreover TRPM4 is insufficient to maintain the 
sADP in the absence of TRPM5. 
 
	   56	  
 
Figure 2.11 (Legend on next page) 
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Figure 2.11 TRPM4 does not contribute to the residual CCh-induced sADP and 
persistent activity. 
(A) Superimposed representative traces show sADP induced by a depolarizing current 
step (200 pA, 500 ms) in CCh for wild-type mice (black trace) and Trpm4/5 -DKO mice 
(red trace). Scale bars, 1 mV and 5 s. Initial Vm was -66 mV. There is no difference in 
spike number during current injection between populations of mice (n = 6-10, P = 0.75). 
(B) Trpm4/5 -DKO mice generated sADPs with smaller amplitude (n = 6-10, **P < 0.01) 
(C) and area (n = 6-10, *P < 0.05) compared to wild-type littermate controls. (D) The 
percentage of neurons in which persistent activity generation is reduced by 45.0% in 
Trpm4/5 -DKO mice compared to wild-type littermate controls (control, n = 5; Trpm4/5 -

























Figure 2.12 Characterization of membrane intrinsic properties in control and  
Trpm4/5 -DKO mice. 
There is no difference in resting membrane potential  (A, -69.01 ± 1.51 mV in control [n 
= 5] versus -70.24 ± 0.58 mV in KO [n = 15, P = 0.36]), membrane input resistance  (B, 
78.95 ± 8.45 mΩ in control [n = 5] versus 69.39 ± 5.69 mΩ in KO [n = 15, P = 0.40]), the 
size of the depolarizing sag in response to a hyperpolarization current step, characteristic 
of the activation of Ih (C, 0.87 ± 0.00 in control [n = 5] versus 0.85 ± 0.00 mV in KO [n 
= 15, P = 0.06]) and cellular excitability by looking at number of spikes during the 
depolarization (D, 400 pA for 1 s; 31.40 ± 2.98 in control [n = 5] versus 28.53 ± 1.96 mV 
in KO [n = 15, P = 0.46]). Error bars represent SEM. 
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Discussion 
 
Our strategy based on gene knockout suggests that TRPM5 channels make an 
important contribution to the sADP and persistent activity in prefrontal cortex layer 5 
pyramidal neurons. TRPM4 does not significantly alter the sADP and has no effects on 
persistent activity induction. This result differs from our finding that 9-phenanthrol, 
which selectively blocks TRPM4 versus TRPM5 channels (Grand et al., 2008), produced 
a significant reduction in the sADP of wild-type mice. However, as we found that 9-
phenanthrol produced a similar action to reduce the sADP and blocked the generation of 
persistent firing in Trpm4–/– mice, this pharmacological agent must act on some target 
other than TRPM4 channels. This conclusion is supported by our finding that a different 
pharmacological agent that targets TRPM4 channels, glibenclamide, had no effect on the 
sADP in wild-type mice. 
 
In contrast to the lack of involvement of TRPM4 channels in the sADP and 
persistent activity, we found that TRPM5 channels make an important contribution to the 
slow depolarization and the generation of persistent firing. However, the reduction in the 
sADP upon deletion of TRPM5 was not complete, with the sADP in Trpm5–/– mice 
reduced by approximately 40% relative to the sADP in wild-type mice. In addition, 
around 30% of neurons in Trpm5–/– mice still have the ability to generate persistent 
activity. The incomplete reduction in the sADP and persistent activity generation was not 
a result of compensation by TRPM4, as the combined deletion of both TRPM4 and 
TRPM5 reduced the sADP (40% decrease) and persistent activity induction (45% 
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decrease) by a similar extent as observed upon deletion of TRPM5 alone. This indicates 
that additional channels, perhaps TRPC5(Fowler et al., 2007; Yan et al., 2009), must 
make an important contribution to the sADP. As TRPC channels are Ca2+-permeable, it is 
possible that TRPM5 may act as a downstream effector of TRPC channels during 
muscarinic activation to enhance the sADP. 
 
A recent study reports that TRPM4 deletion produced a significant but partial 
attenuation of the non-selective cationic depolarization-induced slow current (DISC) in 
cerebellar Purkinje neurons (Kim et al., 2013). In contrast, DISC measured in Trpm5–/– 
mice was not significantly different from age-matched wild-type littermates. DISC 
activation depends on an autocrine action of dopamine release from the Purkinje neuron 
dendrites and is thought to contribute to excitation and plasticity in these neurons. In 
contrast persistent firing and CAN current requires activation of muscarinic ACh 
receptors through exogenous release or application of cholinergic agonists. Combined 
with our results in PFC neurons, these two studies suggest that TRPM4 and TRPM5 may 
play similar but complementary roles in mediating Ca2+-dependent cation currents in 
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Chapter 3 
Characterization of cognitive functions in TRPM5 
KO mice  
Introduction 
 
I demonstrated above that genetic deletion of TRPM5 channels leads to profound 
alternations in the physiology of neurons in deep layers of mPFC. In particular, I found 
that the contribution of TRPM5 channels to neuronal intrinsic properties affects the 
ability of prefrontal neurons to transition from a silent state to a sustained firing state. 
However, an important question remains: Do the physiological changes in persistent 
activity at the cellular level in the absence TRPM5 channels lead to perturbations in the 
function of the prefrontal cortex as a whole during behavioral tests.  
 
The clearest role of TRPM5 to date is in taste transduction, as mice with a 
targeted deletion of TRPM5 have little or no ability to detect physiologically relevant 
concentrations of bitter or sweet tastants (Damak et al., 2006; Zhang et al., 2003). Based 
on its expression, TRPM5 may contribute to the regulation of the electrophysiological 
properties of respiratory neuron of the pre-Botzinger complex	  (Mironov, 2008; Mironov 
and Skorova, 2011). However, the role of TRPM5 in regulating cognitive functions in the 
mouse model is largely unknown. To address this question, I first tested whether the 
deletion of TRPM5 channels has any effects on prefrontal cortical dependent behavioral 
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tasks, such as working memory tasks. My results from behavioral testing in Trpm5–/– 
mice strengthen the link between working memory and persistent activity and provide a 
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Results 
 
3.1 TRPM5-KO animals showed unaltered locomotor activity and 
generalized anxiety. 
 
The role of TRPM5 in regulating cognitive functions is largely unknown. To 
address this question, we examined the effect of TRPM5 deletion on a number of 
behavioral tasks. Firstly, we measured locomotor activity in wild-type and Trpm5–/– mice 
by using open field. We found no significant differences in ambulatory distances between 
genotypes (Figure 3.1 A; total path-length in 60 minutes: 7863 ± 94 cm in wild-type mice 
versus 7803 ± 59 cm in Trpm5–/– mice, t-test: n = 10 per group, P = 0.96). Both groups 
showed similar levels of decline in exploratory activity over time (Figure 3.1 A, two-way 
ANOVA: n = 10 per group, F(11, 198) = 0.72, P = 0.99). In addition, latencies to complete 
maze tasks were not affected by deletion of TRPM5.   
 
Differences in anxiety levels can affect performance in cognitive tasks. Therefore, 
we measured anxiety by testing the mice on an elevated plus maze and we found no 
effect of genotype on the ratio of time spent in the open-arms (OA) and closed-arms (CA) 
(Figure 3-1 B, ratio of OA/CA: 0.57 ± 0.07 in wild-type mice versus 0.61 ± 0.05 in 
Trpm5–/– mice, t-test: n = 15 per group, P = 0.59). We also determined that Trpm5–/– mice 
spent the same percentage of time in the open, closed arms and center of an elevated plus 
maze compare to wild-type mice (Figure 3.1 C, open-arms: 17.54 ± 2.77 % in wild-type 
mice versus 18.08 ± 1.89 in Trpm5–/– mice, t-test: P = 0.87; closed-arms: 60.37 ± 4.44 % 
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in wild-type mice versus 61.52 ± 2.23% in Trpm5–/– mice, t-test: P = 0.82; center: 22.08 ± 










































Figure 3.1 (Legend on next page) 
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Figure 3.1 Genetic deletion of TRPM5 does not result in hyperlocomotor activity 
and generalized anxiety. 
(A) Locomotor activity of Trpm5–/– mice and control littermates in an open field (day 1). 
Mice were exposed in an open field for 1 hr while ambulatory distance was measured. 
The graphs show the mean ambulatory distance in 5 min bins (n = 10 per group, two-way 
ANOVA, P > 0.05). (B) and (C) Trpm5–/– mice show normal anxiety levels in the 
elevated-plus maze. The ratio of open-arm versus closed-arm entries is shown (C, t-test: n 
= 15 per group, P > 0.05). Trpm5–/– mice spent similar percentage of time as control mice 
in open-arms, closed-arms and central region in the elevated plus maze (D, t-test: n = 15 
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3.2 TRPM5 is not required for spatial memory reference. 
 
To evaluate spatial memory in Trpm5–/– mice, we tested the mice in the Morris 
water maze. The hidden version tests hippocampal-dependent spatial learning and 
memory. Analysis of path lengths taken to reach the platform during training revealed 
that Trpm5–/– mice learned the task as well as their control littermates (Figure 3.2 A, two-
way ANOVA: F(4, 40) = 0.03, P = 1.00). After 5 days of basic acquisition training, probe 
(transfer) trial is given to test memory performance. The data revealed that both groups of 
mice had learned and remembered the location of the platform to the same extent (Figure 
3.2 B, time spent in the target quadrant: 38.67 ± 4.20 % in wild-type mice  [n = 14] 






























Figure 3.2 Genetic deletion of TRPM5 does not impair spatial memory. 
(A) Mean path length during acquisition of the reference memory task in the Morris 
water maze. There is no significant difference in learning the task between two groups. 
(two-way ANOVA, wild-type mice: n = 14; Trpm5–/– mice: n = 12, P > 0.05). (B) Test of 
probe trail after 5-day training; mean percentage time in the target, adjacent left (Adj1), 
adjacent right (Adj2), and opposite (Opp) quadrants. Trpm5–/– mice performed as well as 
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controls in the probe trial (t test for time spending in Target quadrant: wild-type mice: n = 
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3.3 Mice without TRPM5 display deficits in working memory tasks  
 
We have demonstrated in Chapter 2 that genetic deletion of TRPM5 channels 
leads to profound alterations in the physiology of cortical neurons. In particular, we 
found that the presence of TRPM5 channels is critical to the ability of prefrontal cortical 
neurons to transition from a silent to a persistent firing state. Therefore, we next 
investigated whether the physiological changes that occur at the cellular level in the 
absence of TRPM5 channels alter the animals’ performance on working memory tasks. 
 
To explore the role of TRPM5 channels in working memory, we therefore tested 
mice in T-maze delayed non-match to sample (DNMTS) maze tasks that require mice to 
integrate information held online (the sample run) with the learned rule (non-match to 
sample) (Kellendonk et al., 2006). There are 4 training phases in the T-Maze DNMTS 
tasks: (1) habituation in the maze; (2) forced alternation runs in the maze; (3) correction 
training; (4) non-correction training till mice reach the criterion. During training phases, 
mice were tested on 6 trials per day, each trial consisting of two runs, a forced run and a 
choice run. At the beginning of the trial both arms were baited. In the forced run the 
randomly chosen right or left arm was opened, while entrance to the other arm was 
blocked. In the choice run, both arms were open but only the arm that the mouse had not 
visited earlier during a forced run was baited. We found that 13 out of 15 wild-type 
animals (93.3%) were able to reach a preset criterion within 28 days of training (Figure 
3.3 A; correct choice for 11 out of 12 for 3 consecutive trials, or 91.6 %). However, only 
7 out of 15 Trpm5–/– mice (53.3%) were able to reach the criterion. These wild-type and 
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Trpm5–/– mice that were able to learn the task required similar number of trials to reach 
this criterion (Figure 3.3 B, days to criterion: 9.64 ± 1.13 in wild-type mice  [n = 14] 
versus 10.50 ± 1.75 in Trpm5–/– mice [n = 8], t-test: P = 0.67). Mice were further tested in 
the discrete paired-trial T-maze paradigm under more demanding conditions, consisting 
of increasing intratrial delays (15, 30, and 60 s presented in a random manner). Analysis 
of the percentage of correct choices at the different intratrial delays revealed both a 
genotype effect (F (1, 76) = 15.60; P = 0.0009) and a delay effect (F (3, 76) = 6.12; P = 
0.001). All groups displayed delay-dependent performance, but Trpm5–/– mice showed 
consistently worse performance compared with control littermates (Figure 3.3 C, % 
correct choice: 15s intratrial delay, 85.42 ± 2.35% in wild-type mice versus 69.29 ± 6.16 
in Trpm5–/– mice, t-test: P = 0.03; 30s intratrial delay, 79.86 ± 2.98% in wild-type mice 
versus 61.46 ± 2.70% in Trpm5–/– mice, t-test: P = 0.0004; 60s intratrial delay, 73.72 ± 
3.11% in wild-type mice versus 55.95 ± 2.38% in Trpm5–/– mice, t-test: P = 0.0012; wild-
type mice: n = 14, Trpm5–/– mice: n = 8). This profile indicates that TRPM5 is important 
































Figure 3.3 (Legend on next page) 
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Figure 3.3 Genetic deletion of TRPM5 display deficits in working memory tasks. 
(A) Performance of wild-type and Trpm5–/– mice in a T-maze based DNMTS task using a 
delay of 5s: (A) number of mice reaching criteria after 28 days; (B) days to reach 
criterion (t test: wild-type mice: n = 14; Trpm5–/– mice: n = 8, P > 0.05); (C) Percentage 
of correct choices displayed by wild-type and Trpm5–/– mice during the discrete paired-
trial variable-delay T-maze task with different intratrial delays (5, 15, 30, and 60 s) 
randomly presented. (t test: wild-type mice: n = 14; Trpm5–/– mice: n = 8, *P < 0.05, **P 
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3.4 Attempt to rescue working memory performance by Expression of 
TRPM5 by viral injection in Trpm5–/– mice 
 
Our findings of altered persistent activity induction and a T-maze based DNMTS 
task led us to ask whether loss of TRPM5 in the medial PFC was critical for the 
phenotype of Trpm5–/– mice. We therefore investigated whether selective expression of 
TRPM5 in the medial PFC was sufficient to rescue the phenotypes of Trpm5–/– mice. We 
generated adeno-associated virus (AAV) vectors (serotype 1) that express green 
fluorescent protein (GFP) or TRPM5 wild-type channels. Expression of GFP or TRPM5 
is driven by human synapsin 1 (SYN) promoter. Because of the limited packing capacity 
of adeno-associated viral particles, we took the approach of co-injecting two viral 
vectors, AAV-TRPM5 and AAV-GFP to restore the function of TRPM5 in Trpm5–/– mice 
and to mark by GFP fluorescence the site of viral injection. AAV expressing both GFP 
and TRPM5 were delivered to the medial PFC of Trpm5–/– mice by bilateral 
microinjections in 2-3-month-old animals. 
 
To minimize injury, we gave one injection per hemisphere by injection of AAV 
along the needle path. Sustained expressions of GFP and/ or TRPM5 were observed in 
medial PFC regions in post-mortem examination of brains at the end of the study (Figure 

























Figure 3.4 Virally-mediated delivery of GFP and/ or TRPM5 in medical prefrontal 
cortex. 
Fixed coronal prefrontal slices from a wild-type animal injected with AAV-hSYN-GFP 
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(A) and from a Trpm5–/– animal co-injected with AAV-hSYN-GFP and AAV-hSYN-
TRPM5 (B). Immunofluorescence using antibodies directed against GFP and TRPM5 
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3.5 Partial rescue by PFC expression of TRPM5 in behavioral analyses 
 
At a time period of 1-2 months after injection, behavioral analyses were 
conducted to assess locomotor activity, anxiety level and a T-maze based DNMTS task in 
the virally infected mice. Lastly, we performed electrophysiology to examine the CCh-
induced sADP and sustained persistent firing in injected animals. For simplicity, we will 
refer to wild type animals injected with AAV-hSYN-GFP as wild type or control animals 
and Trpm5–/– animals co-injected with AAV-hSYN-GFP and AAV-hSYN-TRPM5 as 
Trpm5–/– rescue mice or simply rescue mice. 
 
First, in an open field task, we found no significant differences in ambulatory 
distances between wild type animals and Trpm5–/– rescue mice (Figure 3.5 A; total path-
length in 60 minutes: 9490 ± 970 cm in wild-type mice [n = 9] versus 9450 ± 777 cm in 
Trpm5–/– rescue mice [n = 8], t-test: P = 0.97). Both groups showed similar levels of 
decline in exploratory activity overtime (Figure 3.5A, two-way ANOVA: control animals: 
n = 9; Trpm5–/– rescue mice: n = 8, F(11, 154) = 0.77, P = 0.66). This result is to be expected 
as Trpm5–/– mice had no effect on open field activity.  
 
Second, we measured anxiety by testing the mice on an elevated plus maze. We 
found no effect between two groups on the ratio of time spent in the open-arms (OA) and 
closed-arms (CA) (Figure 3.5 B, ratio of OA/CA: 0.55 ± 0.05 in control mice [n = 9] 
versus 0.64 ± 0.09 in Trpm5–/– rescue mice [n = 8], t-test: P = 0.29). We also determined 
that Trpm5–/– rescue mice spent the same percentage of time in the open, closed arms and 
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center of an elevated plus maze compare to wild-type mice (Figure 3.5 C, open-arms: 
19.20 ± 4.04% in control mice versus 17.04 ± 4.55 in Trpm5–/– rescue mice, t-test: P = 
0.73; closed-arms: 62.61 ± 5.69 % in control mice versus 64.58 ± 6.87% in Trpm5–/– 
rescue mice, t-test: P = 0.83; center: 18.50 ± 2.66 % in control mice versus 17.96 ± 
2.88% in Trpm5–/– rescue mice, t-test: P = 0.89; control animals: n = 9, Trpm5–/– rescue 
mice: n = 8). Again this result is not surprising as the Trpm5–/– mice showed no 
phenotype in these parameters.  
 
Third, we tested the effect of TRPM5 rescue in the T-maze based DNMTS task in 
which the Trpm5–/– mice showed a pronounced deficits. We found that 7 out of 9 wild-
type animals injected with AAV-hSYN-GFP (77.8%) were able to reach a preset criterion 
within 28 days of training similar to our above results in wild-type mice. In contrast to 
the marked reduction in the percentage of Trpm5–/– mice that reached criterion, we found 
that 6 out of 8 Trpm5–/– rescue mice (75.0%) were able to reach the criterion (Figure 3.6 
A). Both groups of animals required a similar number of trials to reach this criterion 
(Figure 3.6 B, days to criterion: 7.14 ± 0.88 in control [n = 7] versus 8.00 ± 1.03 in 
Trpm5–/– rescue mice [n = 6], t-test: P = 0.54). During probe trials with different intratrial 
delays (15, 30, and 60 s), the percentage of correct choices at the different intratrial 
delays were no significantly different between the two groups (two-way ANOVA: 
control: n = 7, Trpm5–/– rescue mice: n = 6; F(1, 11) = 1.92, P = 0.19). Although there was a 
trend for Trpm5–/– rescue mice diminished performance compared with control mice, 
however, there is no significant differences between the two groups across the range of 
intratrial delays (Figure 3.6 C, % correct choice: 15s intratrial delay, 88.10 ± 4.40% in 
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control mice versus 79.17 ± 7.06 in Trpm5–/– rescue mice, t-test: P = 0.29; 30s intratrial 
delay, 84.52 ± 2.17% in control mice versus 72.22 ± 2.33% in Trpm5–/– rescue mice, t-
test: P = 0.08; 60s intratrial delay, 70.24 ± 4.40% in control mice versus 61.66 ± 4.64% 
in Trpm5–/– rescue mice, t-test: P = 0.18; control: n = 7, Trpm5–/– rescue mice: n = 6). The 
results indicate that virally-mediated TRPM5 expression in the mPFC is able to partially 
rescue the performance in the T-maze based DNMTS task, suggesting that it is the 
TRPM5 presence in mPFC that is responsible for the phenotype in the Trpm5–/– mice in 
the working memory task.  
 
Lastly, we investigated the effect of virally mediated TRPM5 rescue on the CCh-
induced sADP and the induction of persistent activity. We performed whole-cell 
recordings from deep layer mPFC neurons in control and Trpm5–/– rescue mice. Trpm5–/– 
rescue mice showed no statistically significant difference in either sADP amplitude or 
area (Figure 3.7 C-D) compared to control mice. The sADP amplitude and area in Trpm5–
/– rescue mice were 4.50 ± 0.61 mV and 18.48 ± 2.83 mV·s (n = 7), respectively, similar 
to that slightly lower than the value of 5.88 ± 0.59 mV and 25.24 ± 3.03 mV·s (n = 7) 
observed in control animals (P = 0.13 for sADP amplitude; P = 0.13 for sADP area). The 
percentage of cells in which we were able to induce persistent activity was 81.8% in 
control mice versus 60.0% in the Trpm5–/– rescue mice (Figure 3.7 E). In contract, in 
Trpm5–/–mice, the percentage of neurons exhibiting persistent activity is only 30.43% (n 
= 23) versus 73.9% (n = 23) in wild-type mice (Figure 2.9 D). The results further verify 
the contribution of TRPM5 to the CCh-induced sADP and persistent activity induction.  
Together, these data show that expression of TRPM5 selectively in the mPFC is 
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sufficient to alleviate the major manifestations of the working memory phenotype and 
altered persistent activity induction in Trpm5–/– mice. Furthermore, our data suggest that 
performance of the T-maze working memory task depends on the induction of intrinsic 





























Figure 3.5 (Legend on next page) 
	   82	  
Figure 3.5 Trpm5–/– rescue mice does not result in hyperlocomotor activity and 
generalized anxiety. 
(A) Locomotor activity of Trpm5–/– rescue mice and control mice in an open field (day 1). 
Mice were exposed in an open field for 1 hr while ambulatory distance was measured. 
(two-way ANOVA: control animals: n = 9, Trpm5–/– rescue mice: n = 8, P > 0.05). (B) 
and (C) Trpm5–/– rescue mice show normal anxiety levels in the elevated-plus maze. The 
ratio of open-arm versus closed-arm entries is shown (C, t-test: control animals: n = 9, 
Trpm5–/– rescue mice: n = 8, P > 0.05). Trpm5–/– rescue mice spent similar percentage of 
time as control mice in open-arms, closed-arms and central region in the elevated plus 
maze (D, t-test: control animals: n = 9, Trpm5–/– rescue mice: n = 8, P > 0.05 in three 




































Figure 3.6 (Legend on next page) 
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Figure 3.6 Virally-mediated rescue of behavioral defects in Trpm5–/– mice. 
(A) Performance of control and Trpm5–/– rescue mice in a T-maze based DNMTS task 
using a delay of 5s: (A) number of mice reaching criteria after 28 days; (B) days to reach 
criterion (t test: control mice: n = 7; Trpm5–/– rescue mice: n = 6, P > 0.05); (C) 
Percentage of correct choices displayed by wild-type and Trpm5–/– mice during the 
discrete paired-trial variable-delay T-maze task with different intratrial delays (5, 15, 30, 
and 60 s) randomly presented. (t test: control mice: n = 7; Trpm5–/– rescue mice: n = 6, P 
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Figure 3.7 Virally-mediated rescue of physiological defects in Trpm5–/– mice 
(A) and (B) Pyramidal cells in the mPFC recorded under wholecell voltage clamp were 
visualized using immunofluorescent staining for biocytin, GFP and TRPM5. Scale bars: 
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50 µm. There is no statistical significances between control and Trpm5–/– rescue mice in 
sADP amplitude (C, t-test: n = 7 per group, P > 0.05) and area (D, t-test: n = 7 per group, 
P > 0.05). (D) The percentage of neurons showing persistent activity generation was 
equal to reduced by 60.0% in Trpm5–/– rescue mice compared to 80.0% of neurons in the 
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Discussion 
 
In this chapter, I characterized cognitive functions of Trpm5–/– animals using 
different behavioral tasks. Of all the tasks, Trpm5–/– mice only showed deficits in the T-
maze DNMTS task, a measure of working memory in the mouse model.  PFC-specific 
expression of TRPM5 using a virally-mediated delivery system in Trpm5–/– mice 
produced a partial rescue of deficits in working memory tasks, suggesting the importance 
of mPFC TRPM5 for the phenotype in the Trpm5–/– mice. Furthermore, PFC-specific 
expression of TRPM5 partially rescued the electrophysiological defects in Trpm5–/– mice, 
indicating the potential contribution of the intrinsic persistent firing on the performance 
of the T-maze working memory task. 
 
Virally-mediated delivery of TRPM5 in mPFC of Trpm5–/– mice only partially 
rescues defects in CCh-induced sADP and persistent activity induction, compare to 
control GFP-injected animals. One major question is raised by my results: do virally-
mediated TRPM5 channels show normal physiological function in the mPFC? To verify 
the function of injected channels, we can potentially isolate TRPM5 currents in the 
injected neurons and non-injected neurons by slice recording in different time course to 
see which time point can give neurons the most TRPM5 currents. Two problems may 
arise in these experiments: (1) layer 5 pyramidal neurons have dense dendritic 
arborization, which may limit our analyses in voltage-clamp mode. However, as I am 
mainly interested in qualitative results, such errors should not present a serious problem. 
(2) As we are overexpressing TRPM5 wild-type channels to levels higher than the 
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endogenous protein, cells may not properly process or target the proteins into their 
function forms. In addition, I started performing physiological analyses at 3-4 months 
after injection in my rescue experiments. It is possible that overexpression of channels for 
a long period of time may results in cellular toxicity.  
 
Thuault et al. demonstrated that the HCN1 channel is specifically required in the 
prefronal cortex for intrinsic persistent firing and for the prefrontal-dependent resolution 
of proactive interference during a working memory task (Thuault, S., Siegelbaum, S. and 
Kandel, E.R., personal communication). At the cellular level, the deletion of HCN1 
channels induces a substantial loss of Ih currents mediated by HCN1, which alters the 
intrinsic properties of these neurons and results in a shift in the resting potential to more 
negative voltages. The hyperpolarization hinders the generation of intrinsic persistent 
activity by these neurons. In my study, I show that cells from Trpm5–/– mice have less 
ability to generate persistent activity and Trpm5–/– mice showed deficits in the T-maze 
DNMTS task. Taken together, our results establish a strong correlation between a deficit 
in prefrontal-dependent behavior and an alteration in the ability of cortical neurons to 
generate intrinsic persistent firing. However, HCN1 may not play as a primary driver of 
persistent firing, but helps set resting potential at level where persistent firing can occur. 
In contrast, TRPM5 may truly be a primary generator of persistent firing, although 
additional channels may also contribute to the generation of persistent activity.  
 
In my behavioral experiments, selective expression of TRPM5 in the mPFC of 
Trpm5-/- partially rescued working memory deficits, consistent with a role of mPFC in 
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working memory. Both Thuault et al. and my current work are in agreement with a 
previous study that found the medial prefrontal cortex was only recruited for behavior 
with short delays (Lee and Kesner, 2003). Indeed, based on image and lesion studies, 
working memory and behavioral flexibility have been generally associated with the 
dorso-lateral PFC in humans and nonhuman primates (Goldman-Rakic, 1994). 
Anatomical and lesion studies in rats suggest that the medial PFC is the homologous 
structure of the dorso-lateral PFC in primates (Birrell and Brown, 2000; Markowitsch and 
Pritzel, 1977). Therefore, any alternations of prefrontal neuromodulators may influence 
behavioral outputs. A critical evaluation of my results reveals the following caveats. 
First, in my rescue experiments, I compared the performance of wild-type animals 
injected with AAV-hSYN-GFP versus Trpm5–/– animals co-injected with AAV-hSYN-
GFP and AAV-hSYN-TRPM5. There are no significant differences in two groups and the 
results suggest selective expression of prefrontal TRPM5 can partially rescue working 
memory in Trpm5–/– animals. It would be better to include a negative control which is 
Trpm5–/– animals injected with AAV-hSYN-GFP in these experiments. Second, we do 
not know if virally-expressed TRPM5 proteins formed fully functional channels in the 
mPFC; we do not know the optimal expression level of prefrontal TRPM5 required for 
these working memory tasks.  Third, there might be other brain regions which are also 
involved in these working memory tasks. Both hippocampus and frontal cortex have been 
argued to have roles in short-term or working memory (Olton and Papas, 1979). Lesions 
of the hippocampus profoundly affect performance on both T-maze alternation and win-
shift, nonmatching-to-place behavior in the radial arm maze (Bannerman et al., 1999; 
Olton and Papas, 1979; Rawlins and Olton, 1982). Complete lesions of the hippocampus 
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typically result in animals showing chance performance on these tasks	  (Bannerman et al., 
1999). Therefore, it is possible that, in addition to PFC, hippocampus is required for the 
working memory tasks I used in my thesis.  
 
Another alternative experiment to examine the requirement of mPFC TRPM5 
both in electrophysiology and behavioral tasks is to perform brain region-specific 
knockout of TRPM5 by using mPFC TRPM5 floxed mice. Unfortunately, TRPM5 floxed 
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Chapter 4 




Previous studies have shown that activation of muscarinic receptors can enable 
the generation of a calcium-dependent slow afterdepolarization (sADP) following a brief 
burst of action potentials in certain cortical neurons (Haj-Dahmane and Andrade, 1998; 
Yan et al., 2009). When large enough, this afterpotential can support intrinsic persistent 
firing that does not require fast synaptic transmission (Egorov et al., 2002). In my thesis 
project, I used a combination of cellular, molecular, electrophysiological and genetic 
approaches to dissect the molecular mechanisms underlying the muscarinic-receptor-
dependent persistent activity. I have attempted to address the following fundamental 
questions. (1) What are the molecular mechanisms underlying intrinsic persistent 
activity? (2) Which ion channels are required to mediate persistent activity? (3) What is 
the behavioral role of persistent activity in the mouse model? 
 
In Chapter 2, firstly I have confirmed that activation of muscarinic ACh receptors 
with carbachol results in the generation of an sADP and persistent activity in mouse PFC 
layer 5 pyramidal neurons. Second, I described that this sADP and persistent activity 
generation depend on activation of a PLC signaling cascade and require intracellular 
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calcium signaling. In addition, I confirmed the expression of TRPM4 and TRPM5 in 
mouse mPFC. Furthermore, I have provided novel evidence that TRPM5 contributes to 
persistent activity whereas TRPM4 appears less important. In Chapter 3, I reported that 
Trpm5–/– mice show deficits in a delay non-match to place (DNMTS) maze task, a 
working memory task in the mouse model. PFC expression of TRPM5 by a virally-
mediated delivery system in Trpm5–/– mice is able to partially recue deficits in working 
memory tasks. Lastly, I demonstrated PFC expression of TRPM5 partially rescues the 
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4.2 Future directions 
 
As mentioned earlier, sADPs and persistent firing have been described following 
activation of a diverse array of G-protein-coupled receptors in many areas of the central 
and peripheral nervous system; activation of a calcium-activated non-selective cation 
(CAN) channel is thought to serve as the common mechanism to regulate persistent 
activity downstream of these receptors (Egorov et al., 2002; Egorov et al., 2006; Yoshida 
et al., 2008; Zhang et al., 2011; Zhang and Seguela, 2010). CAN channels have been 
identified in a number of neuronal and non-neuronal cell types. In cells where these 
channels have been most thoroughly characterized, they have been shown to be 
permeable to monovalent cations, with little permeability to calcium (Partridge et al., 
1994; Yellen, 1982). However, in many neurons, including prefrontal cortex neurons, it is 
less clear as to whether the current underlying the sADP and persistent firing is indeed 
calcium impermeant. This issue is important in terms of efforts to provide a molecular 
characterization of the channels underlying ICAN and the associated sADP and persistent 
activity.  
 
There is strong evidence in non-neuronal cells implicating TRPM4 and TRPM5 
as providing the molecular bases for CAN channels (Barbet et al., 2008; Hofmann et al., 
2003; Launay et al., 2002; Liu and Liman, 2003; Nilius et al., 2003; Prawitt et al., 2003; 
Vennekens and Nilius, 2007). When expressed in heterologous cells, recombinant 
TRPM4 and TRPM5 have been shown to form calcium-activated nonselective cation 
channels with little or no permeability to calcium (Hofmann et al., 2003; Launay et al., 
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2002; Liu and Liman, 2003) properties very similar to CAN channels in many native 
tissues (Partridge et al., 1994; Yellen, 1982). In addition to the requirement for 
intracellular Ca2+, activation of TRPM4 or TRPM5 requires stimulation of G-protein-
coupled receptor PLC signaling cascades. In neurons, there is one report supporting the 
recruitment of TRPM4 in the rhythmic activity of respiratory neurons of the Pre-
Botzinger complex based solely on expression patterns (Mironov, 2008). However, we 
are not aware of any previous direct evidence that these channels underlie any neuronal 
sADP and persistent firing. 
 
The above results indicate that additional channels, apart from TRPM4 and 
TRPM5, must make important contributions to the sADP and persistent activity. 
Channels containing TRPC5 (Fowler et al., 2007; Yan et al., 2009) are attractive 
candidates as TRPC5 channels are also activated by PLC-dependent G protein signaling 
cascades (Montell, 2005). Although these channels are not directly activated by Ca2+, 
increases in intracellular calcium greatly potentiate G protein-dependent TRPC5 opening. 
Recent studies indicate that expression of dominant negative TRPC5 channels strongly 
suppresses the sADP in prefrontal cortex neurons (Yan et al., 2009). Moreover, injection 
of a C-terminal TRPC5 peptide that contains a PDZ domain binding site, and thus acts as 
an inhibitor of TRPC5 activation, also decreases the sADP and the generation of 
persistent activity (Zhang and Seguela, 2010). Unlike most CAN channels, and TRPM4 
and TRPM5 channels, TRPC5 channels have a high permeability to calcium. However, 
when TRPC5 subunits assemble with TRPC1 subunits, the resultant heteromeric channels 
show a lower permeability to Ca2+ (Storch et al., 2012), more consistent with the 
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properties of CAN channels. One interesting possibility suggested by the Ca2+ 
permeability of TRPC channels is that TRPM5 channels may act as downstream effectors 
of TRPC channels during muscarinic activation to enhance the sADP and the induction of 
persistent firing.   
Future studies examining persistent firing in TRPC5 knockout mice and in mice lacking 
both TRPM5 and TRPC5 will be useful in further delineating the roles of these two 
channels. 
 
By using a genetic approach, I find that TRPM5 channels make an important 
contribution to both intrinsic persistent activity in layer 5 prefrontal pyramidal neurons 
and to the behavioral output of the PFC. At the cellular level, neurons without TRPM5 
show a smaller CCh-induced sADP and less persistent activity generation. On the other 
hand, Trpm5–/– mice display deficits in working memory tasks but not spatial memory 
tasks. Thuault et al. report that the HCN1 hyperpolarization-activated cation channel 
enhances the ability of cortical neurons to generate intrinsic persistent firing and deletion 
of HCN1 from prefrontal cortex neurons had distinctly different consequences on the 
ability of mice to perform two working memory tasks	  (Thuault, 2013). Combined with 
our results, both studies first establish a correlation between a deficit in prefrontal-
dependent behavior and an alteration in the ability of cortical neurons to generate 
intrinsic persistent firing. 
 
It is generally thought that persistent activity can be generated through 
coordinated synaptic activity within recurrent neuronal networks based on several 
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experimental and theoretical work (Compte, 2006; Wang, 2001). Several inputs converge 
onto PFC layer 5 pyramidal neurons, including horizontal excitatory local connections in 
the PFC, glutamatergic inputs from hippocampus, subiculum and mediodorsal thalamus, 
dopamine input from the ventral tegmental area, as well as cholinergic input from basal 
forebrain (Carr and Sesack, 2000; Groenewegen, 1988; Woolf et al., 1984). These 
cholinergic influences have profound effects on the intrinsic firing pattern of neurons 
(Haj-Dahmane and Andrade, 1998; Krnjevic, 1993) and are important to memory 
processes (Anagnostaras et al., 2003; Chudasama et al., 2004; Granon et al., 1995; 
Hasselmo, 1999; Seeger et al., 2004; Spencer et al., 1985). In addition, muscarinic 
receptors can shape the temporal dynamics of neocortical activity in vivo, including 
during periods of sustained firing (Buzsaki et al., 1988; Goard and Dan, 2009; Metherate 
et al., 1992; Rigdon and Pirch, 1984; Steriade et al., 1993a). Therefore, it would be 
interesting to characterize the impact of genetic deletion of TRPM5 on up and down 
states, a pattern of activity that relies on recurrent synaptic network architecture. It has 
been shown by in vivo recordings that anesthetized mice show robust up and down state 
transitions in cortical neurons (Degenetais et al., 2002; Lavin and Grace, 2001; Steriade 
et al., 1993b; Valenti and Grace, 2009).  
 
In summary, my results for the first time suggest that the TRPM5 channel is an 
important regulator of the muscarinic ACh receptor-dependent sADP and persistent 
activity in neurons. Prefrontal cortical TRPM5 also plays an important role in shaping 
working memory behavior. Here we propose a model in which TRPM5 functions as a 
central “hub” to detect the simultaneous activation of G-protein receptor signaling and 
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Ca2+ influx, thereby converting cholinergic stimulation and brief bursts of neural activity 
into profound changes of neuronal excitability that affects behavioral output. I sincerely 
hope that the work presented here provides at least one small grain of insight to the field 
of persistent activity and its implication for cognitive functions. I also hope that future 
studies in this area will provide new drug targets for treating working memory deficits 
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Chapter 5 
Methods 
5.1 Acute slice preparation 
 
Coronal brain slices of prefrontal cortex were obtained from 6-7 week old mice 
using standard brain slicing methods. Briefly, the animals were killed by cervical 
dislocation, followed by decapitation and dissection of the brain out of the cranium. The 
brain was quickly placed in cold modified ACSF (2-4 °C) (in mM: NaCl 10, Sucrose 195, 
KCl 2.5, CaCl2 0.5, MgCl2 7, Na2PO4 1.25, NaHCO3 25, Glucose 10, Na-Pyruvate 2, 
osmolarity 325 mOsm) for 3 to 4 minutes. 300 thick slices were cut using a Vibratome 
3000 (The Vibratome Company, St. Louis, MO) and placed in a beaker containing warm 
(32 °C) standard ACSF for about 30 min (in mM: NaCl 125, KCl 2.5, CaCl2 2, MgCl2 1, 
Na2PO4 1.25, NaHCO3 25, Glucose 25, Na-Pyruvate 2, osmolarity 305 mOsm). Slices 
were then cooled to room temperature for another 30 minutes before recordings were 
initiated. 
 
5.2 Electrophysiological recordings 
 
All intracellular recordings were obtained using the whole-cell patch clamp 
technique from slicesin a submerged chamber continuously perfused with warm ACSF at 
34° C. The soma of layer 5 pyramidal neurons were identified and patched after visual 
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approach of the recording pipette using a combination of infrared light and DIC optics. 
Patch electrodes had a resistance of 2 to 5 MΩ when filled with the following 
intracellular solution (in mM): K-Gluconate 130, KCl 10, HEPES 10, NaCl 4, EGTA 0.1, 
MgATP 4, Na3GTP 0.3, Na2-phosphocreatine 10, osmolarity 305, pH adjusted to 7.25 
with KOH. In some experiments, 0.5% biocytin was included in the intracellular solution. 
In some experiments, the calcium buffering capacity of the intracellular solution was 
increased with bis- (o-aminophenoxy) -N,N,N*,N*-tetraacetic acid (BAPTA) (10 ro 20 
mM) and added calcium to bring the free calcium concentration to near 100 nM (Max-
chelator: http://maxchelator.stanford.edu/webmaxc/webmaxcS.htm). Recordings were 
terminated if the series resistance exceeded 40 MΩ for current-clamp recordings. The 
signals were digitized at 10 to 50 kHz and low-pass filtered at 1 to 4 kHz. All recordings 
were performed in the presence of the following drugs (in µM): carbachol (10), NBQX 
(10), AP5 (50), picrotoxin (50). When the membrane potential was stable, we used 
current injection (200 pA for 500 ms) through the patch electrode to induce sADPs in 
current clamp mode. In order to induce persistent activity, a series of current injections 
steps (100 pA for 500ms, 100 pA for 1 s, 200 pA for 500ms, 200 pA for 1 s, 300 pA for 
1s, 400 pA for 1 s, 500 pA for 1 s, 600 pA for 1 s, 700 pA for 1 s, 800 pA for 1 s, 900 pA 
for 1 s, and 1000 pA for 1 s) were applied to the soma with inter-stimulus intervals of 
around 1 minute. To quantify the sADP, we measured the peak of the amplitude and the 
integral of the curve for a 10 s period beginning from the termination of the current step, 
which is hereafter called the sADP area. Recordings were analyzed using AXOGRAPH 
software (Molecular Devices). 
 




Throughout the thesis, means are stated as mean ± standard error of the mean 
(SEM). Student t-test and 2-way repeated ANOVA measures were used to determine 






NBQX, AP5, and glibenclamide were purchased from Tocris (Ellisville, MO). All 





Under terminal anesthesia, the mice were trans-cardially perfused with PBS 
followed by 4% PFA. The brains were then dissected and post-fixed overnight at 4°C in 
PFA. 50 µm sections were cut on a vibrating slicer and processed using standard 
immunocytochemical techniques. The following primary antibodies were used: rabbit 
anti-mouse TRPM5 antibody (1:200; from the laboratory of Charles S. Zuker), goat 
polyclonal TRPM4 antibody (1:100; SC-27540; Santa Cruz Biotechnology), mouse anti-
NeuN antibody (1:100; MAB377B; Millipore). Secondary antibodies used include goat 
polyclonal anti-rabbit coupled to Alexa Fluor 488, anti-goat coupled to Alexa Fluor 488 
and anti-mouse coupled to Rhodamine-Red-X (1:200; purchased from Jackson 
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In some experiments wild-type C57BL/6J mice from Jackson laboratories were 
used, as noted. Trpm5–/– mice	  (Damak et al., 2006) were obtained from the laboratory of 
Robert F. Margolskee and Trpm4–/– mice (Barbet et al., 2008)were obtained from the 
laboratory of Pierre Launay. We crossed each knockout line with wild-type mice to 
obtain heterozygotes, which were then crossed to yield Trpm5–/– and Trpm4–/– mice and 
their matched wild-type littermates. Mice were genotyped as described in the respective 
references. Double-knockout mice were generated by intercrossing of Trpm4–/– and 
Trpm5–/– mice	  (Barbet et al., 2008). Single- or double-knockout animals were obtained at 
the expected Mendelian ratio. Animals were bred and maintained under standard 
conditions, consistent with NIH guidelines and IACUC approved protocols.  
 




Exploration and reactivity to a novel open field was assessed in Plexiglas activity 
chambers (model ENV-520; Med Associates, St. Albans, Vermont) (43.2 cm long x 43.2 
cm wide x 30.5 cm high). Mice were placed in the front left corner of the open field, and 
activity was automatically recorded for 60 min (12 x 5 min). 
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Elevated-plus maze 
 
The elevated plus maze consisted of a center platform (6 x 6 cm) and four arms 
(30 x 6 cm) placed 50 cm above the floor. Two arms were enclosed within walls (15 cm) 
and the other two (open) had low rims (1 cm). Naïve mice were placed in the center and 
their behavior was recorded for 5 min with a camera located above the maze. Time spent 
(in seconds, sec) and entries in the different compartments (closed and open arms, center) 
were assessed. 
 
Morris water maze 
 
The task was performed as previously described (Vorhees and Williams, 2006). 
The learning trials were conducted over 5 days, with 4 trials per day, started from semi-
randomly selected distal start positions (Table 2). The interval between trials was 15 min. 
If an animal failed to find the platform within the allotted time, it was picked up and 
placed on the platform for 15 s. To assess reference memory at the end of learning, a 
probe (transfer) trial was given. Probe trials (60 s) during which platform was removed 
were performed to assess retention of the previously acquired information. The animals' 
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Table 2. Morris water maze spatial (hidden platform) start positions. 
Acquisition 
Day Trial 1 Trial 2 Trial 3 Trial 4 
1 N E SE NW 
2 SE N NW E 
3 NW SE E N 
4 E NW N SE 
5 N SE E NW 
6 (Probe) NE    
 
T-Maze DNMTS test 
 
The task was performed as previously described	  (Kellendonk et al., 2006) with 4 
training phases: (1) 3 days of habituation in the maze; (2) 2 days of 10 forced alternation 
runs in the maze; (3) 1 day of correction training; (4) non-correction training till mice 
reach the criterion. Mice were group housed and food deprived by feeding them 1h per 
day after completing the task. For economical reasons, we used whenever possible group 
housed animals.  
  
1.  Habituation 
 
Mice were habituated to the maze (Plexiglass, long arm 63.5 cm x 10 cm, 
short left and right arms 55 cm x 10 cm) for 7 min in which they had to collect 
food pellets (20mg dustless precision pellets, Bioserv) from the maze. 
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2.  Forced-alternation runs 
 
Mice were exposed to 10 forced-alternation runs for 2 days. Specifically, 
the mouse was placed in the maze with one goal arm closed off and had up to 2 
min to run and eat the food pellets in the open arm. After consuming the food 
pellet and an inter-trial period of at least 20 min in the home cage, the mouse was 
placed back in the maze for another forced run.  
  
3.  Correction Training for 1 day 
 
Mice were tested on 6 trials per day, each trial consisting of two runs, a 
forced run and a choice run. At the beginning of the trial both arms were baited. 
In the forced run the randomly chosen right or left arm was opened, while 
entrance to the other arm was blocked. To start the run the mouse was placed at 
the long end of the T- maze and a door was opened. After the mouse collected the 
pellet from the opened arm it was placed in a transfer cage. The block was then 
removed from the other arm so that both arms were open. However, only the arm 
that the mouse had not visited earlier during a forced run was baited. To start the 
choice run the mouse was placed at the long end of the T-maze and the door was 
opened again. The choice run was terminated as soon as the mouse reached the 
end of one arm. If the mouse reached the arm that it had visited during the forced 
run, the mouse was given the chance to enter the alternate arm to get food pellets 
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(correction allowed). A correct choice was scored when the mouse visited in the 
choice run the alternate arm to that visited during the forced run. The latency for 
each trial, both forced run and choice run, was scored. The delay between forced 
and choice run was 5 s, the inter-trial delay was at least 20 min to avoid proactive 
interference from the last trial.  
 
4.  No-correction training till reaching the criterion  
 
No-correction training is very similar to correction training. The only 
difference is that once the mouse enters one arm and proceeds half way, the other 
arm is blocked (no correction allowed). A correct choice is scored when the 
mouse visited the alternate arm in the choice run. The inter-trial delay was at least 
20 min. The criterion for completing the task was reached when 5 correct choices 
out of 6 trials (83%) were made for 3 consecutive days. Each mouse was tested 
for up to 28 days, during which time the sequence of baiting sides (right or left) 
was randomized. 
  
Mice “graduated” from training after they reached the criterion and performed a 
minimum of 6 non-correction training runs. When a mouse met the correct choice 
criterion, testing with 5 s, 15 s and 30 s delay intervals began the following day. Mice 
were given four trials of each delay on three days of testing for a total of twelve trials for 
each delay.  
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5.8 Virus production and Viral Injection Procedures 
  
AAV-hSYN-GFP and AAV-hSYN-TRPM5 viruses used for in vivo injection were 
purchased from Penn Vector. Viral injections were performed in a biohazard level 2 
biochemical cabinet. Animals were anesthetized with a mixture of ketamine and xylazine 
via intraperitoneal injection and operated on using standard sterile conditions. A small 
rectangular window was drilled in the skull to allow the penetration of a fine glass pipette 
(8 to 15 µm inner diameter) containing the solution of viral particles. The ejection of the 
virus was performed using a syringe submitted to positive pressure. Each injection 
consisted of a volume of 0.5 µl delivered bilaterally at the following coordinate relative 
to Bregma: antero-posterior 2.15; ventro-dorsal 1.5; medial-lateral 0.4. The rate of 
injection ranged on average from 0.1 to 0.2 µl per minute. Following the injections, the 
skull was covered with triple antibiotic ointment, the wound sutured and the animal 
injected with the analgesic buprenorphine (0.05-0.1 mg/kg s.c.), once during initial 








	   107	  
Bibliography 
Albert, A.P., Pucovsky, V., Prestwich, S.A., and Large, W.A. (2006). TRPC3 properties 
of a native constitutively active Ca2+-permeable cation channel in rabbit ear artery 
myocytes. The Journal of physiology 571, 361-369. 
Anagnostaras, S.G., Murphy, G.G., Hamilton, S.E., Mitchell, S.L., Rahnama, N.P., 
Nathanson, N.M., and Silva, A.J. (2003). Selective cognitive dysfunction in acetylcholine 
M1 muscarinic receptor mutant mice. Nature neuroscience 6, 51-58. 
Araneda, R., and Andrade, R. (1991). 5-Hydroxytryptamine2 and 5-hydroxytryptamine 
1A receptors mediate opposing responses on membrane excitability in rat association 
cortex. Neuroscience 40, 399-412. 
Baeg, E.H., Kim, Y.B., Huh, K., Mook-Jung, I., Kim, H.T., and Jung, M.W. (2003). 
Dynamics of population code for working memory in the prefrontal cortex. Neuron 40, 
177-188. 
Bannerman, D.M., Yee, B.K., Good, M.A., Heupel, M.J., Iversen, S.D., and Rawlins, 
J.N. (1999). Double dissociation of function within the hippocampus: a comparison of 
dorsal, ventral, and complete hippocampal cytotoxic lesions. Behavioral neuroscience 
113, 1170-1188. 
Barbet, G., Demion, M., Moura, I.C., Serafini, N., Leger, T., Vrtovsnik, F., Monteiro, 
R.C., Guinamard, R., Kinet, J.P., and Launay, P. (2008). The calcium-activated 
nonselective cation channel TRPM4 is essential for the migration but not the maturation 
of dendritic cells. Nature immunology 9, 1148-1156. 
Birrell, J.M., and Brown, V.J. (2000). Medial frontal cortex mediates perceptual 
attentional set shifting in the rat. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 20, 4320-4324. 
Bliss, T.V., and Collingridge, G.L. (1993). A synaptic model of memory: long-term 
potentiation in the hippocampus. Nature 361, 31-39. 
Butters, N., and Pandya, D. (1969). Retention of delayed-alternation: effect of selective 
lesions of sulcus principalis. Science 165, 1271-1273. 
	   108	  
Buzsaki, G., Bickford, R.G., Ponomareff, G., Thal, L.J., Mandel, R., and Gage, F.H. 
(1988). Nucleus basalis and thalamic control of neocortical activity in the freely moving 
rat. The Journal of neuroscience : the official journal of the Society for Neuroscience 8, 
4007-4026. 
Carr, D.B., and Sesack, S.R. (2000). Dopamine terminals synapse on callosal projection 
neurons in the rat prefrontal cortex. The Journal of comparative neurology 425, 275-283. 
Chafee, M.V., and Goldman-Rakic, P.S. (1998). Matching patterns of activity in primate 
prefrontal area 8a and parietal area 7ip neurons during a spatial working memory task. 
Journal of neurophysiology 79, 2919-2940. 
Chang, J.Y., Chen, L., Luo, F., Shi, L.H., and Woodward, D.J. (2002). Neuronal 
responses in the frontal cortico-basal ganglia system during delayed matching-to-sample 
task: ensemble recording in freely moving rats. Experimental brain research 
Experimentelle Hirnforschung Experimentation cerebrale 142, 67-80. 
Cheng, H., Beck, A., Launay, P., Gross, S.A., Stokes, A.J., Kinet, J.P., Fleig, A., and 
Penner, R. (2007). TRPM4 controls insulin secretion in pancreatic beta-cells. Cell 
calcium 41, 51-61. 
Chudasama, Y., Dalley, J.W., Nathwani, F., Bouger, P., and Robbins, T.W. (2004). 
Cholinergic modulation of visual attention and working memory: dissociable effects of 
basal forebrain 192-IgG-saporin lesions and intraprefrontal infusions of scopolamine. 
Learning & memory 11, 78-86. 
Compte, A. (2006). Computational and in vitro studies of persistent activity: edging 
towards cellular and synaptic mechanisms of working memory. Neuroscience 139, 135-
151. 
Constanti, A., Bagetta, G., and Libri, V. (1993). Persistent muscarinic excitation in 
guinea-pig olfactory cortex neurons: involvement of a slow post-stimulus 
afterdepolarizing current. Neuroscience 56, 887-904. 
Crowder, E.A., Saha, M.S., Pace, R.W., Zhang, H., Prestwich, G.D., and Del Negro, C.A. 
(2007). Phosphatidylinositol 4,5-bisphosphate regulates inspiratory burst activity in the 
neonatal mouse preBotzinger complex. The Journal of physiology 582, 1047-1058. 
	   109	  
Damak, S., Rong, M., Yasumatsu, K., Kokrashvili, Z., Perez, C.A., Shigemura, N., 
Yoshida, R., Mosinger, B., Jr., Glendinning, J.I., Ninomiya, Y., et al. (2006). Trpm5 null 
mice respond to bitter, sweet, and umami compounds. Chemical senses 31, 253-264. 
Degenetais, E., Thierry, A.M., Glowinski, J., and Gioanni, Y. (2002). 
Electrophysiological properties of pyramidal neurons in the rat prefrontal cortex: an in 
vivo intracellular recording study. Cereb Cortex 12, 1-16. 
Dembrow, N.C., Chitwood, R.A., and Johnston, D. (2010). Projection-specific 
neuromodulation of medial prefrontal cortex neurons. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 30, 16922-16937. 
Earley, S., Straub, S.V., and Brayden, J.E. (2007). Protein kinase C regulates vascular 
myogenic tone through activation of TRPM4. American journal of physiology Heart and 
circulatory physiology 292, H2613-2622. 
Egorov, A.V., Hamam, B.N., Fransen, E., Hasselmo, M.E., and Alonso, A.A. (2002). 
Graded persistent activity in entorhinal cortex neurons. Nature 420, 173-178. 
Egorov, A.V., Unsicker, K., and von Bohlen und Halbach, O. (2006). Muscarinic control 
of graded persistent activity in lateral amygdala neurons. The European journal of 
neuroscience 24, 3183-3194. 
Enklaar, T., Esswein, M., Oswald, M., Hilbert, K., Winterpacht, A., Higgins, M., Zabel, 
B., and Prawitt, D. (2000). Mtr1, a novel biallelically expressed gene in the center of the 
mouse distal chromosome 7 imprinting cluster, is a member of the Trp gene family. 
Genomics 67, 179-187. 
Fowler, M.A., Sidiropoulou, K., Ozkan, E.D., Phillips, C.W., and Cooper, D.C. (2007). 
Corticolimbic expression of TRPC4 and TRPC5 channels in the rodent brain. PloS one 2, 
e573. 
Fransen, E., Tahvildari, B., Egorov, A.V., Hasselmo, M.E., and Alonso, A.A. (2006). 
Mechanism of graded persistent cellular activity of entorhinal cortex layer v neurons. 
Neuron 49, 735-746. 
Fraser, D.D., and MacVicar, B.A. (1996). Cholinergic-dependent plateau potential in 
hippocampal CA1 pyramidal neurons. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 16, 4113-4128. 
	   110	  
Fujiwara, Y., and Minor, D.L., Jr. (2008). X-ray crystal structure of a TRPM assembly 
domain reveals an antiparallel four-stranded coiled-coil. Journal of molecular biology 
383, 854-870. 
Funahashi, S., Bruce, C.J., and Goldman-Rakic, P.S. (1989). Mnemonic coding of visual 
space in the monkey's dorsolateral prefrontal cortex. Journal of neurophysiology 61, 331-
349. 
Fuster, J.M., and Alexander, G.E. (1971). Neuron activity related to short-term memory. 
Science 173, 652-654. 
Fuster, J.M., and Alexander, G.E. (1973). Firing changes in cells of the nucleus medialis 
dorsalis associated with delayed response behavior. Brain research 61, 79-91. 
Fuster, J.M., and Jervey, J.P. (1981). Inferotemporal neurons distinguish and retain 
behaviorally relevant features of visual stimuli. Science 212, 952-955. 
Gerzanich, V., Woo, S.K., Vennekens, R., Tsymbalyuk, O., Ivanova, S., Ivanov, A., 
Geng, Z., Chen, Z., Nilius, B., Flockerzi, V., et al. (2009). De novo expression of Trpm4 
initiates secondary hemorrhage in spinal cord injury. Nature medicine 15, 185-191. 
Goard, M., and Dan, Y. (2009). Basal forebrain activation enhances cortical coding of 
natural scenes. Nature neuroscience 12, 1444-1449. 
Goldman-Rakic, P.S. (1992). Working memory and the mind. Scientific American 267, 
110-117. 
Goldman-Rakic, P.S. (1994). Working memory dysfunction in schizophrenia. The 
Journal of neuropsychiatry and clinical neurosciences 6, 348-357. 
Goldman-Rakic, P.S. (1995a). Architecture of the prefrontal cortex and the central 
executive. Annals of the New York Academy of Sciences 769, 71-83. 
Goldman-Rakic, P.S. (1995b). Cellular basis of working memory. Neuron 14, 477-485. 
Goldman-Rakic, P.S. (1996). Regional and cellular fractionation of working memory. 
Proceedings of the National Academy of Sciences of the United States of America 93, 
13473-13480. 
	   111	  
Goldman-Rakic, P.S., and Selemon, L.D. (1997). Functional and anatomical aspects of 
prefrontal pathology in schizophrenia. Schizophrenia bulletin 23, 437-458. 
Gonzales, A.L., Garcia, Z.I., Amberg, G.C., and Earley, S. (2010). Pharmacological 
inhibition of TRPM4 hyperpolarizes vascular smooth muscle. American journal of 
physiology Cell physiology 299, C1195-1202. 
Gonzalez-Burgos, G., Barrionuevo, G., and Lewis, D.A. (2000). Horizontal synaptic 
connections in monkey prefrontal cortex: an in vitro electrophysiological study. Cereb 
Cortex 10, 82-92. 
Grand, T., Demion, M., Norez, C., Mettey, Y., Launay, P., Becq, F., Bois, P., and 
Guinamard, R. (2008). 9-phenanthrol inhibits human TRPM4 but not TRPM5 cationic 
channels. British journal of pharmacology 153, 1697-1705. 
Granon, S., Poucet, B., Thinus-Blanc, C., Changeux, J.P., and Vidal, C. (1995). Nicotinic 
and muscarinic receptors in the rat prefrontal cortex: differential roles in working 
memory, response selection and effortful processing. Psychopharmacology 119, 139-144. 
Greene, C., Schwindt, P., and Crill, W. (1992). Metabotropic receptor mediated 
afterdepolarization in neocortical neurons. European journal of pharmacology 226, 279-
280. 
Greene, C.C., Schwindt, P.C., and Crill, W.E. (1994). Properties and ionic mechanisms of 
a metabotropic glutamate receptor-mediated slow afterdepolarization in neocortical 
neurons. Journal of neurophysiology 72, 693-704. 
Greenwood, I.A., and Large, W.A. (1995). Comparison of the effects of fenamates on 
Ca-activated chloride and potassium currents in rabbit portal vein smooth muscle cells. 
British journal of pharmacology 116, 2939-2948. 
Groenewegen, H.J. (1988). Organization of the afferent connections of the mediodorsal 
thalamic nucleus in the rat, related to the mediodorsal-prefrontal topography. 
Neuroscience 24, 379-431. 
Guinamard, R., Demion, M., Magaud, C., Potreau, D., and Bois, P. (2006). Functional 
expression of the TRPM4 cationic current in ventricular cardiomyocytes from 
spontaneously hypertensive rats. Hypertension 48, 587-594. 
	   112	  
Haj-Dahmane, S., and Andrade, R. (1998). Ionic mechanism of the slow 
afterdepolarization induced by muscarinic receptor activation in rat prefrontal cortex. 
Journal of neurophysiology 80, 1197-1210. 
Hasselmo, M.E. (1999). Neuromodulation: acetylcholine and memory consolidation. 
Trends in cognitive sciences 3, 351-359. 
He, L.P., Hewavitharana, T., Soboloff, J., Spassova, M.A., and Gill, D.L. (2005). A 
functional link between store-operated and TRPC channels revealed by the 3,5-
bis(trifluoromethyl)pyrazole derivative, BTP2. The Journal of biological chemistry 280, 
10997-11006. 
Hikosaka, O., Sakamoto, M., and Usui, S. (1989). Functional properties of monkey 
caudate neurons. III. Activities related to expectation of target and reward. Journal of 
neurophysiology 61, 814-832. 
Hikosaka, O., and Wurtz, R.H. (1983). Visual and oculomotor functions of monkey 
substantia nigra pars reticulata. III. Memory-contingent visual and saccade responses. 
Journal of neurophysiology 49, 1268-1284. 
Hill, K., Benham, C.D., McNulty, S., and Randall, A.D. (2004). Flufenamic acid is a pH-
dependent antagonist of TRPM2 channels. Neuropharmacology 47, 450-460. 
Hofmann, M.E., and Frazier, C.J. (2010). Muscarinic receptor activation modulates the 
excitability of hilar mossy cells through the induction of an afterdepolarization. Brain 
research 1318, 42-51. 
Hofmann, T., Chubanov, V., Gudermann, T., and Montell, C. (2003). TRPM5 is a 
voltage-modulated and Ca(2+)-activated monovalent selective cation channel. Current 
biology : CB 13, 1153-1158. 
Jin, L., Miyazaki, M., Mizuno, S., Takigawa, M., Hirose, T., Nishimura, K., Toida, T., 
Williams, K., Kashiwagi, K., and Igarashi, K. (2008). The pore region of N-methyl-D-
aspartate receptors differentially influences stimulation and block by spermine. The 
Journal of pharmacology and experimental therapeutics 327, 68-77. 
Jin, N.G., Kim, J.K., Yang, D.K., Cho, S.J., Kim, J.M., Koh, E.J., Jung, H.C., So, I., and 
Kim, K.W. (2003). Fundamental role of ClC-3 in volume-sensitive Cl- channel function 
and cell volume regulation in AGS cells. American journal of physiology Gastrointestinal 
and liver physiology 285, G938-948. 
	   113	  
Jung, M.W., Qin, Y., McNaughton, B.L., and Barnes, C.A. (1998). Firing characteristics 
of deep layer neurons in prefrontal cortex in rats performing spatial working memory 
tasks. Cereb Cortex 8, 437-450. 
Kandel, E.R. (2009). The biology of memory: a forty-year perspective. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 29, 12748-12756. 
Kaske, S., Krasteva, G., Konig, P., Kummer, W., Hofmann, T., Gudermann, T., and 
Chubanov, V. (2007). TRPM5, a taste-signaling transient receptor potential ion-channel, 
is a ubiquitous signaling component in chemosensory cells. BMC neuroscience 8, 49. 
Kellendonk, C., Simpson, E.H., Polan, H.J., Malleret, G., Vronskaya, S., Winiger, V., 
Moore, H., and Kandel, E.R. (2006). Transient and selective overexpression of dopamine 
D2 receptors in the striatum causes persistent abnormalities in prefrontal cortex 
functioning. Neuron 49, 603-615. 
Kim, B.J., Kim, S.Y., Lee, S., Jeon, J.H., Matsui, H., Kwon, Y.K., Kim, S.J., and So, I. 
(2012). The role of transient receptor potential channel blockers in human gastric cancer 
cell viability. Canadian journal of physiology and pharmacology 90, 175-186. 
Kim, B.J., Nam, J.H., and Kim, S.J. (2011). Effects of transient receptor potential channel 
blockers on pacemaker activity in interstitial cells of Cajal from mouse small intestine. 
Molecules and cells 32, 153-160. 
Kim, Y.S., Kang, E., Makino, Y., Park, S., Shin, J.H., Song, H., Launay, P., and Linden, 
D.J. (2013). Characterizing the conductance underlying depolarization-induced slow 
current in cerebellar Purkinje cells. Journal of neurophysiology 109, 1174-1181. 
Kojima, J., Matsumura, M., Togawa, M., and Hikosaka, O. (1996). Tonic activity during 
visuo-oculomotor behavior in the monkey superior colliculus. Neuroscience research 26, 
17-28. 
Komura, Y., Tamura, R., Uwano, T., Nishijo, H., Kaga, K., and Ono, T. (2001). 
Retrospective and prospective coding for predicted reward in the sensory thalamus. 
Nature 412, 546-549. 
Kritzer, M.F., and Goldman-Rakic, P.S. (1995). Intrinsic circuit organization of the major 
layers and sublayers of the dorsolateral prefrontal cortex in the rhesus monkey. The 
Journal of comparative neurology 359, 131-143. 
	   114	  
Krnjevic, K. (1993). Central cholinergic mechanisms and function. Progress in brain 
research 98, 285-292. 
Krnjevic, K., Pumain, R., and Renaud, L. (1971). The mechanism of excitation by 
acetylcholine in the cerebral cortex. The Journal of physiology 215, 247-268. 
Kubota, K., and Niki, H. (1971). Prefrontal cortical unit activity and delayed alternation 
performance in monkeys. Journal of neurophysiology 34, 337-347. 
Kurata, H.T., Diraviyam, K., Marton, L.J., and Nichols, C.G. (2008). Blocker protection 
by short spermine analogs: refined mapping of the spermine binding site in a Kir channel. 
Biophysical journal 95, 3827-3839. 
Lambert, S., and Oberwinkler, J. (2005). Characterization of a proton-activated, 
outwardly rectifying anion channel. The Journal of physiology 567, 191-213. 
Launay, P., Cheng, H., Srivatsan, S., Penner, R., Fleig, A., and Kinet, J.P. (2004). 
TRPM4 regulates calcium oscillations after T cell activation. Science 306, 1374-1377. 
Launay, P., Fleig, A., Perraud, A.L., Scharenberg, A.M., Penner, R., and Kinet, J.P. 
(2002). TRPM4 is a Ca2+-activated nonselective cation channel mediating cell 
membrane depolarization. Cell 109, 397-407. 
Lavin, A., and Grace, A.A. (2001). Stimulation of D1-type dopamine receptors enhances 
excitability in prefrontal cortical pyramidal neurons in a state-dependent manner. 
Neuroscience 104, 335-346. 
Lee, I., and Kesner, R.P. (2003). Time-dependent relationship between the dorsal 
hippocampus and the prefrontal cortex in spatial memory. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 23, 1517-1523. 
Lee, Y.M., Kim, B.J., Kim, H.J., Yang, D.K., Zhu, M.H., Lee, K.P., So, I., and Kim, 
K.W. (2003). TRPC5 as a candidate for the nonselective cation channel activated by 
muscarinic stimulation in murine stomach. American journal of physiology 
Gastrointestinal and liver physiology 284, G604-616. 
Levitt, J.B., Lewis, D.A., Yoshioka, T., and Lund, J.S. (1993). Topography of pyramidal 
neuron intrinsic connections in macaque monkey prefrontal cortex (areas 9 and 46). The 
Journal of comparative neurology 338, 360-376. 
	   115	  
Liman, E.R. (2007). TRPM5 and taste transduction. Handbook of experimental 
pharmacology, 287-298. 
Lin, W., Margolskee, R., Donnert, G., Hell, S.W., and Restrepo, D. (2007). Olfactory 
neurons expressing transient receptor potential channel M5 (TRPM5) are involved in 
sensing semiochemicals. Proceedings of the National Academy of Sciences of the United 
States of America 104, 2471-2476. 
Liu, D., and Liman, E.R. (2003). Intracellular Ca2+ and the phospholipid PIP2 regulate 
the taste transduction ion channel TRPM5. Proceedings of the National Academy of 
Sciences of the United States of America 100, 15160-15165. 
Marigo, V., Courville, K., Hsu, W.H., Feng, J.M., and Cheng, H. (2009). TRPM4 impacts 
on Ca2+ signals during agonist-induced insulin secretion in pancreatic beta-cells. 
Molecular and cellular endocrinology 299, 194-203. 
Markowitsch, H.J., and Pritzel, M. (1977). Nonparametric statistics for the analysis of 
behavior-related single unit data. Physiology & behavior 18, 717-719. 
McCarthy, G., Blamire, A.M., Puce, A., Nobre, A.C., Bloch, G., Hyder, F., Goldman-
Rakic, P., and Shulman, R.G. (1994). Functional magnetic resonance imaging of human 
prefrontal cortex activation during a spatial working memory task. Proceedings of the 
National Academy of Sciences of the United States of America 91, 8690-8694. 
McQuiston, A.R., and Madison, D.V. (1999). Muscarinic receptor activity induces an 
afterdepolarization in a subpopulation of hippocampal CA1 interneurons. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 19, 5703-5710. 
Metherate, R., Cox, C.L., and Ashe, J.H. (1992). Cellular bases of neocortical activation: 
modulation of neural oscillations by the nucleus basalis and endogenous acetylcholine. 
The Journal of neuroscience : the official journal of the Society for Neuroscience 12, 
4701-4711. 
Miller, E.K., Erickson, C.A., and Desimone, R. (1996). Neural mechanisms of visual 
working memory in prefrontal cortex of the macaque. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 16, 5154-5167. 
Miller, S., and Mayford, M. (1999). Cellular and molecular mechanisms of memory: the 
LTP connection. Current opinion in genetics & development 9, 333-337. 
	   116	  
Milner, B., Squire, L.R., and Kandel, E.R. (1998). Cognitive neuroscience and the study 
of memory. Neuron 20, 445-468. 
Mironov, S.L. (2008). Metabotropic glutamate receptors activate dendritic calcium waves 
and TRPM channels which drive rhythmic respiratory patterns in mice. The Journal of 
physiology 586, 2277-2291. 
Mironov, S.L., and Skorova, E.Y. (2011). Stimulation of bursting in pre-Botzinger 
neurons by Epac through calcium release and modulation of TRPM4 and K-ATP 
channels. Journal of neurochemistry 117, 295-308. 
Mongillo, G., Barak, O., and Tsodyks, M. (2008). Synaptic theory of working memory. 
Science 319, 1543-1546. 
Montell, C. (2005). The TRP superfamily of cation channels. Science's STKE : signal 
transduction knowledge environment 2005, re3. 
Moschovakis, A.K. (1997). The neural integrators of the mammalian saccadic system. 
Frontiers in bioscience : a journal and virtual library 2, d552-577. 
Mott, D.D., Washburn, M.S., Zhang, S., and Dingledine, R.J. (2003). Subunit-dependent 
modulation of kainate receptors by extracellular protons and polyamines. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 23, 1179-1188. 
Murakami, M., Xu, F., Miyoshi, I., Sato, E., Ono, K., and Iijima, T. (2003). Identification 
and characterization of the murine TRPM4 channel. Biochemical and biophysical 
research communications 307, 522-528. 
Nilius, B., Prenen, J., Droogmans, G., Voets, T., Vennekens, R., Freichel, M., 
Wissenbach, U., and Flockerzi, V. (2003). Voltage dependence of the Ca2+-activated 
cation channel TRPM4. The Journal of biological chemistry 278, 30813-30820. 
Nilius, B., Prenen, J., Janssens, A., Owsianik, G., Wang, C., Zhu, M.X., and Voets, T. 
(2005a). The selectivity filter of the cation channel TRPM4. The Journal of biological 
chemistry 280, 22899-22906. 
Nilius, B., Prenen, J., Janssens, A., Voets, T., and Droogmans, G. (2004a). Decavanadate 
modulates gating of TRPM4 cation channels. The Journal of physiology 560, 753-765. 
	   117	  
Nilius, B., Prenen, J., Tang, J., Wang, C., Owsianik, G., Janssens, A., Voets, T., and Zhu, 
M.X. (2005b). Regulation of the Ca2+ sensitivity of the nonselective cation channel 
TRPM4. The Journal of biological chemistry 280, 6423-6433. 
Nilius, B., Prenen, J., Voets, T., and Droogmans, G. (2004b). Intracellular nucleotides 
and polyamines inhibit the Ca2+-activated cation channel TRPM4b. Pflugers Archiv : 
European journal of physiology 448, 70-75. 
Okada, T., Shimizu, S., Wakamori, M., Maeda, A., Kurosaki, T., Takada, N., Imoto, K., 
and Mori, Y. (1998). Molecular cloning and functional characterization of a novel 
receptor-activated TRP Ca2+ channel from mouse brain. The Journal of biological 
chemistry 273, 10279-10287. 
Olton, D.S., and Papas, B.C. (1979). Spatial memory and hippocampal function. 
Neuropsychologia 17, 669-682. 
Partridge, L.D., Muller, T.H., and Swandulla, D. (1994). Calcium-activated non-selective 
channels in the nervous system. Brain research Brain research reviews 19, 319-325. 
Philipp, S., Trost, C., Warnat, J., Rautmann, J., Himmerkus, N., Schroth, G., Kretz, O., 
Nastainczyk, W., Cavalie, A., Hoth, M., et al. (2000). TRP4 (CCE1) protein is part of 
native calcium release-activated Ca2+-like channels in adrenal cells. The Journal of 
biological chemistry 275, 23965-23972. 
Phillips, A.G., Ahn, S., and Floresco, S.B. (2004). Magnitude of dopamine release in 
medial prefrontal cortex predicts accuracy of memory on a delayed response task. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 24, 547-553. 
Prawitt, D., Monteilh-Zoller, M.K., Brixel, L., Spangenberg, C., Zabel, B., Fleig, A., and 
Penner, R. (2003). TRPM5 is a transient Ca2+-activated cation channel responding to 
rapid changes in [Ca2+]i. Proceedings of the National Academy of Sciences of the United 
States of America 100, 15166-15171. 
Pressler, R.T., Inoue, T., and Strowbridge, B.W. (2007). Muscarinic receptor activation 
modulates granule cell excitability and potentiates inhibition onto mitral cells in the rat 
olfactory bulb. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 27, 10969-10981. 
Prut, Y., and Fetz, E.E. (1999). Primate spinal interneurons show pre-movement 
instructed delay activity. Nature 401, 590-594. 
	   118	  
Quintana, J., Yajeya, J., and Fuster, J.M. (1988). Prefrontal representation of stimulus 
attributes during delay tasks. I. Unit activity in cross-temporal integration of sensory and 
sensory-motor information. Brain research 474, 211-221. 
Rahman, J., and Berger, T. (2011). Persistent activity in layer 5 pyramidal neurons 
following cholinergic activation of mouse primary cortices. The European journal of 
neuroscience 34, 22-30. 
Rawlins, J.N., and Olton, D.S. (1982). The septo-hippocampal system and cognitive 
mapping. Behavioural brain research 5, 331-358. 
Reboreda, A., Raouf, R., Alonso, A., and Seguela, P. (2007). Development of cholinergic 
modulation and graded persistent activity in layer v of medial entorhinal cortex. Journal 
of neurophysiology 97, 3937-3947. 
Rigdon, G.C., and Pirch, J.H. (1984). Microinjection of procaine or GABA into the 
nucleus basalis magnocellularis affects cue-elicited unit responses in the rat frontal 
cortex. Experimental neurology 85, 283-296. 
Rumpel, S., LeDoux, J., Zador, A., and Malinow, R. (2005). Postsynaptic receptor 
trafficking underlying a form of associative learning. Science 308, 83-88. 
Sakurai, Y., and Sugimoto, S. (1985). Effects of lesions of prefrontal cortex and 
dorsomedial thalamus on delayed go/no-go alternation in rats. Behavioural brain research 
17, 213-219. 
Schaefer, M., Plant, T.D., Obukhov, A.G., Hofmann, T., Gudermann, T., and Schultz, G. 
(2000). Receptor-mediated regulation of the nonselective cation channels TRPC4 and 
TRPC5. The Journal of biological chemistry 275, 17517-17526. 
Schultz, W., Tremblay, L., and Hollerman, J.R. (2003). Changes in behavior-related 
neuronal activity in the striatum during learning. Trends in neurosciences 26, 321-328. 
Seeger, T., Fedorova, I., Zheng, F., Miyakawa, T., Koustova, E., Gomeza, J., Basile, 
A.S., Alzheimer, C., and Wess, J. (2004). M2 muscarinic acetylcholine receptor knock-
out mice show deficits in behavioral flexibility, working memory, and hippocampal 
plasticity. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 24, 10117-10127. 
	   119	  
Sidiropoulou, K., Lu, F.M., Fowler, M.A., Xiao, R., Phillips, C., Ozkan, E.D., Zhu, M.X., 
White, F.J., and Cooper, D.C. (2009). Dopamine modulates an mGluR5-mediated 
depolarization underlying prefrontal persistent activity. Nature neuroscience 12, 190-199. 
Simard, C., Salle, L., Rouet, R., and Guinamard, R. (2012). Transient receptor potential 
melastatin 4 inhibitor 9-phenanthrol abolishes arrhythmias induced by hypoxia and re-
oxygenation in mouse ventricle. British journal of pharmacology 165, 2354-2364. 
Spencer, D.G., Jr., Pontecorvo, M.J., and Heise, G.A. (1985). Central cholinergic 
involvement in working memory: effects of scopolamine on continuous nonmatching and 
discrimination performance in the rat. Behavioral neuroscience 99, 1049-1065. 
Steriade, M., Amzica, F., and Nunez, A. (1993a). Cholinergic and noradrenergic 
modulation of the slow (approximately 0.3 Hz) oscillation in neocortical cells. Journal of 
neurophysiology 70, 1385-1400. 
Steriade, M., Nunez, A., and Amzica, F. (1993b). A novel slow (< 1 Hz) oscillation of 
neocortical neurons in vivo: depolarizing and hyperpolarizing components. The Journal 
of neuroscience : the official journal of the Society for Neuroscience 13, 3252-3265. 
Storch, U., Forst, A.L., Philipp, M., Gudermann, T., and Mederos y Schnitzler, M. 
(2012). Transient receptor potential channel 1 (TRPC1) reduces calcium permeability in 
heteromeric channel complexes. The Journal of biological chemistry 287, 3530-3540. 
Tahvildari, B., Alonso, A.A., and Bourque, C.W. (2008). Ionic basis of ON and OFF 
persistent activity in layer III lateral entorhinal cortical principal neurons. Journal of 
neurophysiology 99, 2006-2011. 
Takezawa, R., Cheng, H., Beck, A., Ishikawa, J., Launay, P., Kubota, H., Kinet, J.P., 
Fleig, A., Yamada, T., and Penner, R. (2006). A pyrazole derivative potently inhibits 
lymphocyte Ca2+ influx and cytokine production by facilitating transient receptor 
potential melastatin 4 channel activity. Molecular pharmacology 69, 1413-1420. 
Talavera, K., Yasumatsu, K., Voets, T., Droogmans, G., Shigemura, N., Ninomiya, Y., 
Margolskee, R.F., and Nilius, B. (2005). Heat activation of TRPM5 underlies thermal 
sensitivity of sweet taste. Nature 438, 1022-1025. 
Talavera, K., Yasumatsu, K., Yoshida, R., Margolskee, R.F., Voets, T., Ninomiya, Y., 
and Nilius, B. (2008). The taste transduction channel TRPM5 is a locus for bitter-sweet 
	   120	  
taste interactions. FASEB journal : official publication of the Federation of American 
Societies for Experimental Biology 22, 1343-1355. 
Thuault, T.S.M., G. Constantinople, C. Nicholls, R. Chen, I. Zhu, J. Panteleyev, A. 
Vronskaya, S. Nolan, M.F. Bruno, R.  Siegelbaum, S.A. and Kandel, E.R (2013). 
Prefrontal HCN1 channels support intrinsic persistent neural firing and prefrontal-
dependent behavior. . 
Ullrich, N.D., Voets, T., Prenen, J., Vennekens, R., Talavera, K., Droogmans, G., and 
Nilius, B. (2005). Comparison of functional properties of the Ca2+-activated cation 
channels TRPM4 and TRPM5 from mice. Cell calcium 37, 267-278. 
Valenti, O., and Grace, A.A. (2009). Entorhinal cortex inhibits medial prefrontal cortex 
and modulates the activity states of electrophysiologically characterized pyramidal 
neurons in vivo. Cereb Cortex 19, 658-674. 
Vennekens, R., and Nilius, B. (2007). Insights into TRPM4 function, regulation and 
physiological role. Handbook of experimental pharmacology, 269-285. 
Vennekens, R., Olausson, J., Meissner, M., Bloch, W., Mathar, I., Philipp, S.E., Schmitz, 
F., Weissgerber, P., Nilius, B., Flockerzi, V., et al. (2007). Increased IgE-dependent mast 
cell activation and anaphylactic responses in mice lacking the calcium-activated 
nonselective cation channel TRPM4. Nature immunology 8, 312-320. 
Vorhees, C.V., and Williams, M.T. (2006). Morris water maze: procedures for assessing 
spatial and related forms of learning and memory. Nature protocols 1, 848-858. 
Wang, B.H., Ternai, B., and Polya, G.M. (1994). Specific inhibition of cyclic AMP-
dependent protein kinase by the antimalarial halofantrine and by related phenanthrenes. 
Biological chemistry Hoppe-Seyler 375, 527-535. 
Wang, X.J. (2001). Synaptic reverberation underlying mnemonic persistent activity. 
Trends in neurosciences 24, 455-463. 
Washburn, M.S., and Dingledine, R. (1996). Block of alpha-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors by polyamines and polyamine toxins. The 
Journal of pharmacology and experimental therapeutics 278, 669-678. 
	   121	  
Watanabe, M., Kodama, T., and Hikosaka, K. (1997). Increase of extracellular dopamine 
in primate prefrontal cortex during a working memory task. Journal of neurophysiology 
78, 2795-2798. 
Weinberger, D.R., and Berman, K.F. (1996). Prefrontal function in schizophrenia: 
confounds and controversies. Philosophical transactions of the Royal Society of London 
Series B, Biological sciences 351, 1495-1503. 
White, N.J. (2007). Cardiotoxicity of antimalarial drugs. The Lancet infectious diseases 
7, 549-558. 
Whitlock, J.R., Heynen, A.J., Shuler, M.G., and Bear, M.F. (2006). Learning induces 
long-term potentiation in the hippocampus. Science 313, 1093-1097. 
Woolf, N.J., Eckenstein, F., and Butcher, L.L. (1984). Cholinergic systems in the rat 
brain: I. projections to the limbic telencephalon. Brain research bulletin 13, 751-784. 
Xu, X.Z., Moebius, F., Gill, D.L., and Montell, C. (2001). Regulation of melastatin, a 
TRP-related protein, through interaction with a cytoplasmic isoform. Proceedings of the 
National Academy of Sciences of the United States of America 98, 10692-10697. 
Yamamoto, R., Ueta, Y., and Kato, N. (2007). Dopamine induces a slow 
afterdepolarization in lateral amygdala neurons. Journal of neurophysiology 98, 984-992. 
Yan, H.D., Villalobos, C., and Andrade, R. (2009). TRPC Channels Mediate a 
Muscarinic Receptor-Induced Afterdepolarization in Cerebral Cortex. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 29, 10038-10046. 
Yellen, G. (1982). Single Ca2+-activated nonselective cation channels in neuroblastoma. 
Nature 296, 357-359. 
Yoshida, M., Fransen, E., and Hasselmo, M.E. (2008). mGluR-dependent persistent firing 
in entorhinal cortex layer III neurons. The European journal of neuroscience 28, 1116-
1126. 
Zhang, Y., Hoon, M.A., Chandrashekar, J., Mueller, K.L., Cook, B., Wu, D., Zuker, C.S., 
and Ryba, N.J. (2003). Coding of sweet, bitter, and umami tastes: different receptor cells 
sharing similar signaling pathways. Cell 112, 293-301. 
	   122	  
Zhang, Z., Okawa, H., Wang, Y., and Liman, E.R. (2005). Phosphatidylinositol 4,5-
bisphosphate rescues TRPM4 channels from desensitization. The Journal of biological 
chemistry 280, 39185-39192. 
Zhang, Z., Reboreda, A., Alonso, A., Barker, P.A., and Seguela, P. (2011). TRPC 
channels underlie cholinergic plateau potentials and persistent activity in entorhinal 
cortex. Hippocampus 21, 386-397. 
Zhang, Z., and Seguela, P. (2010). Metabotropic induction of persistent activity in layers 
II/III of anterior cingulate cortex. Cereb Cortex 20, 2948-2957. 
Zhang, Z.W., and Arsenault, D. (2005). Gain modulation by serotonin in pyramidal 
neurones of the rat prefrontal cortex. The Journal of physiology 566, 379-394. 
Zucker, R.S., and Regehr, W.G. (2002). Short-term synaptic plasticity. Annual review of 
physiology 64, 355-405. 	  	  
